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Abstract

We proposea conservative extensionof the polymorphiclambda
calculus( )#* ) asanintermediatelanguagefor compilinglanguages
with name-basedclassandinterfacehierarchies.Ourextensionen-
richesstandard) * with recursive types,existentialtypes,androw
polymorphism,but only orderedrecordswith no subtyping. Bas-
ingourlanguageon ) * makesit alsoasuitabletargetfor translation
from otherhigher-orderlanguages;thisenablesthesafeinteropera-
tion betweenclass-basedandhigher-orderlanguagesandthereuse
of commontype-directedoptimizationtechniques,compilerback
ends,andruntimesupport.

We presentthe formal semanticsof our intermediatelanguage
andillustrateits featuresby providing a formal translationfrom a
subsetof Java, including classes,interfaces,andprivate instance
variables. The translationpreserves the name-basedhierarchical
relationbetweenJava classesandinterfaces,andallows accessto
private instancevariablesof parametersof the sameclassas the
onedefiningthemethod.It alsoexposesthedetailsof methodin-
vocationand instancevariableaccessand allows many standard
optimizationsto beperformedon theobject-orientedcode.

1 Intr oduction

Theexplosive growth of theWorld WideWebhas,astheJavaphe-
nomenondemonstrates,inducednewfoundinterestin mobilecom-
putationfor “programmingthe Web.” In this domain,the safety
andsecuritypropertiesof programsaremorecrucial thanever be-
fore. Recentwork demonstratesa clearconnectionbetweensecu-
rity propertiesandformal typesystems[28, 20, 24].

Typecheckinghaslong beenusedto ensurecertainproperties
aboutthe runtimebehavior of programswritten in stronglytyped
languages. In the conventional model, however, type informa-
tion is discardedimmediatelyafter typechecking.We mustthere-
fore trust thatthecompiler—throughits many transformationsand
optimizations—faithfully preservesthesourcelanguagesemantics.
Furthermore,given only the object code (without type informa-+
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tion), it may be difficult or impossibleto verify suchproperties.
Thus, it is becomingincreasinglyimportantto preserve full type
informationthroughoutthecompilationprocess.

The Java Virtual Machine Language(JVML) [25] was de-
signedto addresstheseissues.JVML bytecodecontainssufficient
type informationfor anautomaticverifier to prove memorysafety
andotherproperties.Thetranslationfrom Java to JVML is mostly
type-preserving.

While JVML doescontain type information and submitsto
verification, it hasseveral drawbacks. First, JVML may not be
a good fit for sourcelanguagesother than Java [27, 3]. For ex-
ample,JVML doesnot provide direct supportfor tail-recursion,
higher-orderfunctions,andpolymorphicfunctions,makingit im-
practicalfor implementingfunctionallanguages.Second,JVML is
designedfor bytecodeinterpretation,notasacompilerintermediate
language.TheJVML instructionsetis basedonastackmachineso
it is difficult to performstandardoptimizationson JVML. Third,
JVML hasa complex semanticsso it doesnot provide goodsup-
port for formal reasoning.Much cuttingedgeresearchon security
and information flow [28, 20, 24] is hard to incorporateinto the
JVML-basedframework.

TheFLINT projectat Yale[34, 35] takesa differentapproach.
We aim to build a compiler infrastructurefor HOT (higher-order
andtyped)languages.Ourgoalis to usearichly typedintermediate
language(basedon the polymorphic , -calculus ) * [18, 33]) asa
commontargetfor compilingvarioussourcelanguages(e.g.,Java,
ML). Our systemwould allow thereuseof commontype-directed
optimizationtechniques,compilerbackends,andruntimesupport.

Building a production-qualitytype-preservingcompiler is by
no meanstrivial, especiallyin thepresenceof advancedlanguage
featuressuchasparametricpolymorphismandhigher-ordermod-
ules. Recentadvancesin compilertechnology, however, aremak-
ing type-preservingcompilationa reality [37, 36]; thecurrentver-
sionof FLINT hasbeenin widespreaduseastheintermediatelan-
guageof theSML/NJcompiler[2] sinceJanuary1997.

Extending our typed intermediatelanguageto handle Java
classesposesmany new challenges.First, the Java type system
is dramaticallydifferent from the )#* type system. Naively com-
bining Java andFLINT could easily leadto an incomprehensible
language.Thechallengeis to abstractthecommonalityandto find
a synergy betweenthetwo languages.

Anotherchallengein modelingJava classesis to find anobject
encodingthat is faithful to theJava semanticsyet still supportsef-
ficient implementation.Existingencodingsof object-orientedfea-
turesin typed , -calculi [21, 5] userecordsof functionsasdictio-
nariesand existential types for dynamicbinding. Theseencod-
ings, however, do not supportJava-like name-basedclasshierar-
chies;two differentclasstypeswith exactly samesetof methods
andfields areconsideredasequivalent by theseencodings.This
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is not acceptablebecauseclassandinterfacenamesin Java play a
critical role duringtype-checking,linking, loading,runtimeexecu-
tion, andcasting. The explicit classhierarchyis alsocrucial for
many importantoptimizationsonobject-orientedlanguages[10].

Furthermore,becauseexistingobjectencodingsareintendedas
theoreticalmodelsratherthanasintermediaterepresentations,they
oftenusenon-trivial coercionsin orderto simplify thetypesystem.
For example,PierceandTurner[29] modelinheritanceusingapair
of functionsfor coercingbetweenthesuperclassandsubclassviews
of an object. For the purposesof compilation,the costof calling
anunknown functionto obtaina differentview of anobjectis un-
acceptable.For Java in particular, thesecoercionswould typically
be identity functions. In thepresenceof separatecompilation,we
couldnot expectoptimizationsto beableto replacethesegeneral
coercionswith moreefficient operations.

Finally, the implicit subtypingtypically usedin theseencod-
ingscanmake themrathercomplex, in somecasesrenderingtype
checkingundecidable.Wewantamoreconservativeextension,less
powerful than,say, )#*- [9], but ableto supportfasttype-checking,
anexplicit classhierarchy, andefficient implementation.

Our main contribution is a formal translationof Java classes,
interfaces,andprivacy into a variantof ) * usingsimpleandwell-
known extensions. Although we useseveral familiar techniques,
their combinationto supportthe efficient compilationof an inter-
estingsubsetof Java is novel.

We userow polymorphism[31] to implementJava inheritance
andto allow objectsof subclassesto masqueradeassuperclasses.
We use existential types with dot notation [8] to model Java’s
namedtypesandto preserve the classandinterfacehierarchy. In
addition,we informally describehow to extendour framework to
supportother interestingfeaturesof Java suchas dynamiccasts,
checkedexceptions,andmutuallyrecursive declarations.

Althoughourintermediatelanguagecontainsfull typeinforma-
tion, theimplementationof objectcreation,methodinvocation,and
field selectionareall quiteefficient. This is becausethecoercions
usedto implementinheritanceandsuperclasssubsumptionall re-
duceto no-opsundera type-erasuredynamicsemantics.Although
our approachto implementinginterfacesappearsto be unconven-
tional (castingan object to interfacetype requiresa simplecoer-
cion), it allows interfacemethodinvocationsto have thesamecost
asordinarymethodinvocations.Fromour experiencewith imple-
mentingfunctionallanguages,we believe thecostof thecoercion
canbe paid for by the fastmethodaccessesit enables.Sinceall
theseoperationsareimplementedin termsof standardtype appli-
cation,recordselection,andfunctionapplication,they aresubject
to standardoptimizations. Furthermore,the interactionof these
featureswith other(non-Java) ) * codecanbewell understood.

The remainderof this paperformulatesthe sourceand target
languages(Sections2 and 3), illustratesthe object layout (Sec-
tion 4), explainsthetranslationalgorithm(Section5), discussesthe
possibleextensions(Section6), andthencloseswith relatedwork
(Section7) andconclusions(Section8).

2 The Sour ce Langua ge

ThesourcelanguageJavacito is a smallcalculusrepresentinga re-
strictedsubsetof Java. It containstheessenceof Javaclasses,inter-
faces,andaccesscontrol,with severalsimplificationsthatpermita
conciseformal semanticsanda comprehensibletranslation.

The programin Figure1 containsthreeclassesandoneinter-
facethatdemonstratesomeinterestingfeaturesof Javacito. Class
SPtoverridesmethodmove, andinheritsmethodsbumpandmax.
The keyword super is usedto invoke a statically boundmethod
from the superclass(cf. Figure1, line 10). Methodsareselected

1 classPt .
2 pri vate int x = 0;
3 public Pt max(Pt other) . (this.x / other.x)? this : other 0
4 public void move(int dx) . this.x = this.x + dx; 0
5 public void bump() . this.move(1); 0
6 0
7 interfaceZm . public void zoom(int s); 0
8 classSPtextPt imp Zm .
9 pri vate int scale = 1;

10 public void move(int dx) . super.move(this.scale1 dx); 0
11 public void zoom(int s) . this.scale= this.scale1 s; 0
12 0
13 classMain .
14 pri vate Pt p = newPt;
15 pri vate SPtsp = newSPt;
16 public void zoom2(Zm z) . z.zoom(2); 0
17 public void main() .
18 this.p.bump();
19 this.zoom2((Zm) this.sp);
20 this.sp.bump();
21 this.zoom2((Zm) (SPt) 232 cf. Section6
22 this.p.max((Pt) this.sp)); 0
23 0
24 4 newMain5 .main();

Figure1: SampleJavacito program.

68797 : decl; exp
decl 797 : interface < ext < ;.�4>=@?BA9C ; 5B;D0E

classF ext F'G imp < ;. field; meth; 0
field 797 : pri vate ty H = exp;=@?BA9C 797 : public ty I ( 4 ty J�5 ; )
meth 797 : =@?BA9C exp

ty 797 : < E F

exp 7K7 : valE . exp4 ; exp5 ; 0E
new FE
(ty) expE
exp.I (exp; )E FML val N super.I (exp; )E F�N exp. HE F�N exp. H = exp

val 7K7 : J
<PO InterfaceNamesFQO ClassNamesRS. Object0JTO VarNamesRU. this 0

HTO FieldNamesIVO MethNames

Figure2: Syntaxof Javacito. Underlinesindicateannotationsre-
quiredby thecontextual operationalsemantics.

basedonthedynamicclassof thereceiver. Whenthebumpmethod
is invoked on an object of classSPt, it is delegatedto the bump
methodin classPt (line 5), which theninvokesthemovemethodin
classSPt(line 10).

Classeshaveprivatemutablefieldsandpublicmethods.A class
namemayappearrecursively in thetypesof its fieldsandmethods
(line 3). A methodin classPt canaccessthe privatefields of ar-
gumentswhich staticallyhave thesameclasstype. Objectscanbe
passedto methodsexpectingargumentsof asuperclass(line 22)or
interfacetype(line 19).

Wealsosupportseveralfeaturesnotdemonstratedby thissam-
ple program.An interfacemayextendseveralotherinterfacesand
a classmay implementseveral interfaces. A classmay containa
field which is an instanceof the classitself (discussedfurther in
Section5.1.1),andnew instancesof a classmaybecreatedinside
its own methodsandfield initializers.

Java featureswe do not supportin Javacito includenull refer-
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Environmentsyntax:

TypesignatureW 7K7 : ty
E
ty XZY[Y\Y ty]�^ ty

Hierarchy_ 7K7 :a` E _cb .[< d^fe < ;hg 0 E _ib .DFjd^aklFhGnm\e < ;'gpo 0
Membertypeenvironmentq 7K7 :a` E q b . ty d^akreKknH�m tyoB;hg m[eKklIsm W oB;hgpo 0
Membercodeenvironmentt 7K7 :a` E t b .[Fjd^aku.vknH�m expo ; 0wmh.wklIsm[4lJ X Y\Y\YBJ ] 5 expo ; 0 o 0
x

H x
H

_ <zyO dom4 _ 5{v| O}.w~�Y9Y ��0wY�4l<�� : < �h� :�� | : | G and
_ x

t <���5x
H

_ib .D<!d^ae < X m[Y\Y\Y\m>< ] g 0
x

H

_ F�yO dom4 _ 5 _ x
t F'G{v| O}.w~�Y9Y ��0wY�4l<�� : < �h� :�� | : | G and

_ x
t <���5x

H

_�b .DFjd^aklF G mDe < X m\Y\Y'Y\mr< ] gpo 0x
E_ x

E
q

ty O dom4 _ 5{v| OU.w~�YKY ��0�Y _ x
t ty� {�| OU.w~3YKY ��0wY�H%� : H � � :Z� | : | G{	� O}.w~3YKY 6 0�Y _ x
t
W�� {�� OU.w~�YKY 6 0wYwI � : I � � :�� � : � G{	� O}.w~3YKY 6 0�Y { tyG Y�4 ty �z� tyG and klI � m W G o OZ��� tyG 5 :Z� W�� : W G_ x

E
q b . ty d^�kreKknHh�wm ty� o �h�@� Xr� � ]�� g mDeKklI � m W�� o � �@� Xr� � �'� gpo 0

Figure3: Environmentformation.

ences,public fields, private methods,staticmembers,protected,
packagescope,final, constructors,finalizers,mutually recursive
classes,exceptions,reflection,andconcurrency. As discussedin-
formally in Section6, many of thesefeaturesaresimpleextensions
of theframework. Althoughadynamiccastappearsin theexample
(line 21),we alsotreatthis featureasanextension.

Weuseintegers,arithmeticoperations,conditionalexpressions,
andvoid in theexamplewithoutdefiningthemformally. Wedonot
distinguishbetweenstatementsandexpressions;rather, we usean
ML-lik e sequenceexpressionwith syntax . exp4 ; exp5B;!0 . Thelast
expressionin this sequenceis implicitly returned.

Finally, we assumeseveral transformationshave beenmadeto
theJava codein a pre-processingphase.For instance,all implicit
referencesto this are madeexplicit. Overloadedmethodrefer-
encesare resolved statically by including argumenttypesaspart
of the methodname. Instancevariableshadowing is not an issue
in this restrictedlanguagebecauseall fieldsareprivate,sosuper is
only neededfor invoking methodsin thesuperclass.Implicit sub-
sumptionis madeexplicit by insertingsequencesof upwardcasts.
Similar transformationsaredefinedformally in several papersby
DrossopoulouandEisenbach[11, 12].

The syntaxof Javacito is given in Figure 2. The underlined
termsin Figure2 areannotationsrequiredby our operationalse-
mantics.In all terms,theprefix F�N indicatesthat thetermis stati-
cally enclosedin thedeclarationof classF . In thesuper term,the
additionalval in theannotationholdsthevalueof this. Thesean-
notationsarerequiredby the contextual operationalsemantics,as
explainedbelow.

2.1 Static semantics

Figures 3 and 4 contain the syntax of static environments,
rules for environmentformation,anddefinitionsof environment-
summarizingrelations. A hierarchy

_
is an environmentwhich

mapsclassor interfacenamesto their immediatesuperclassesand

Hierarchyrelations:F#� c� F G�� F G :�� X 4 _ 4lF\5r5
Classis declaredasanimmediatesubclass

<�� i� < G � < G O _ 4l<u5
Interfaceis declaredasanimmediatesubinterfaceF#�9� c� < � <�O �	� 4 _ 4lF[5r5
Classdeclaresimplementationof aninterface

Derivedhierarchyrelations:
� � � � c� R�� i� R���� c� 7 Typeis animmediatesubtype� c� � reflexive transitive closureof � c� 7 Classis a subclass� i� � reflexive transitive closureof � i�

Interfaceis a subinterface
Fj� c� < � � F G mr< G s.t. F � c� F G and F G ��� c� < G and < G � i� <

Classimplementsaninterface� � � � c� R � i� R¡� c� 7 Typeis asubtype

Membershiprelations:knH�mr¢ o O O c� F � knH�mr¢ o O � X 4 q 4lF[5r5 7 Field is declaredin classklIsm>¢ o O O � ty � klIsm>¢ o O ��� 4 q 4 ty5r5 7 Methodis declaredin type

Derivedmembershiprelations:knH�mr¢ o O c��� F � knH�mr¢ o O O c� FhG and F � c� FhG
Field is containedin classklIsm>¢ o O c��� F � klI¡mr¢ o O O��vF G andFhG :�£¥¤9¦ .DFhG G E F � c� F'G G and klIsm o O O � F'G G§0
Methodis containedin class

klI¡mr¢ o O i��� < � klI¡mr¢ o O O��v< G and < � i� < G
Methodis containedin interface

O ��� � O c��� R¨O i��� 7 Memberis containedin type

Figure4: Environmentrelations.

superinterfaces.Thehierarchyformationjudgment
x

H guarantees
that a new type is addedto the hierarchyat most once,and that
all supertypesarealreadydefinedandmentionedonly once. The
membertypeenvironment

q
mapstypesto lists of field andmeth-

ods names,pairedwith the respective types. The formation rule
ensuresthatthenamesareunique,thetypesarevalid,andthatover-
riding amethodpreservesits type.1 Themembercodeenvironmentt

mapsclassnamesto asetof field initializersandmethodbodies.
This environmentis createdduringelaboration,for useat runtime.

We usea setof hierarchyandmembershiprelationssimilar to
thoseusedto describeCLASSICJAVA [17], except that ours are
definedin termsof environments

_
and

q
rather than on com-

pleteprograms.Themembershiprelationsapply to both typeand
codeenvironments. Note that for methodscontainedin class F
( klIsm>¢ o O c��� F ), the auxiliary datum ¢ is drawn from thenearest
superclassof F thatdeclaresthemethodI . Whena codeenviron-
ment

t
is usedin placeof

q
, this hasthe effect of selectingthe

appropriatemethodbodyby usingtheinheritancehierarchy.
Figure 5 containsthe typing judgmentscomprisingthe static

semanticsof Javacito. Declarationsareprocessedoneat a time;
they mayberecursive,but notmutuallyrecursive. All declarations
extendthehierarchy

_
andthemembertypeenvironment

q
. Class

declarationsalsoextendthemembercodeenvironment
t

, whichis
usedto retrievecodeat runtime.Unlike in CLASSICJAVA, thereare
norulesfor subsumption.Instead,werequireexplicit upwardcasts.
Castsare only legal from sometype to its immediatesupertype
(exp-cast). Privacy is enforcedin (exp-get) and (exp-set), therules
for field access.A field H canonly be accessedfrom within the
classF thatdeclaresit. Theobjectfrom which H is selectedmaybe

1Rulesfor correctnessof emptyenvironmentsareomitted. Our notationfor lists
andlist comprehensionsis theusual,but weabusesetmembershipnotationon lists.
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x
p

(prog-decl)_S© q © t x
d decl � _ G © q G © t G_ G © q G © t G x p declX Y\Y\Y decl] exp 7 ty � _ G G © t G G_S© q © t x

p decldeclX Y\Y[Y decl] exp 7 ty � _
G G
© t G G

(prog-exp)_S© q © ` © Object
x

e exp 7 ty_S© q © t x
p exp 7 ty � _S© tx

t

(typ-ok)

ty O dom4 _ 5�Rª. Object0_ x
t ty

(typ-msig){�| O¡.�~3YKY �!0�Y _ x
t ty�_ x

t ty_ x
t ty XZY\Y\Y ty]�^ tyx

m
(meth-body)_S© q © . this 7 F�mBJ X 7 ty X m'Y\Y[Y\mrJ ] 7 ty] 0 © F x e exp 7 ty_S© q © F x m ty I (ty X
J X m'Y\Y\Y\m ty]@J ] ) exp

x
d

(decl-iface)_ G : _ib .[< d^ae < X m\Y\Y\Y>< ] g 0 x
H

_ Gq G : q b .D< d^akre g m[e MT 4>=&?%AKC � 5 � �@� Xr� � «�� gpo 0 _ G x E
q G_S© q © t x

d interface < ext < X Y\Y\Yr< ] .v=@?BA9C X ; Y[Y\Y\=@?BA9C « ; 0 � _
G
© q G

© t
(decl-class)_ G : _�b .DFjd^aklFhGum[e < X Y'Y\Yr< ] gpo 0x

H

_ Gq G : q b .DFjd^�kreKknH � m ty� o � �@� Xr� � «�� g m[e MT 4>=&?%AKC�¬l5 ¬ �@� Xr� � �'� gpo 0_ G x E
q Gt G : t b .DFzd^fk§.vknH � m exp� o E � O}.�~3YKY I}0�0wm. MR 4>=@?BA9C ¬ expG ¬ 5 E>­ O¡.�~3YKY 6 030 o 0{�| O¡.�~3YKY ��0wY if klI®Gnm W G o O i��� <p� then klIªG§m W G o O c��� F{�� O¡.w~�YKY IU0wY _ G © q G © ` © F x e exp� 7 ty�{ ­ O}.w~3YKY 6 0�Y _ G © q G © F x m =@?BA9Cw¬ expG ¬

_S© q © t x
d

classF ext FhG imp < X Y\Y'YB< ]. ty X H X = expX ; Y\Y'Y ty« H « = exp« ;=@?BA9C X expG X�Y'Y\Y\=@?BA9C � expG�w0
� _

G
© q G

© t G
x

e
(exp-var)

JSO dom4§¯�5© © ¯ © x
e J 7 ¯
4lJ�5

(exp-cast)_S© q © ¯ © F x e exp 7 tyG tyG �z� ty_S© q © ¯ © F x e (ty) exp 7 ty
(exp-new)_ x

t F_S© © © x
e new F 7 F

(exp-body){v| OU.w~�Y9Y ��0wY _S© q © ¯ © F x e exp� 7 ty�_S© q © ¯ © F x e . expX ; Y\Y\Y ;exp]j0 7 ty]
(exp-call)_S© q © ¯ © F x e exp 7 tyG klIsm[4 ty X�Y\Y'Y ty]
^ ty5 o O ��� tyG{v| OU.w~�Y9Y ��0wY _S© q © ¯ © F x e exp� 7 ty�_S© q © ¯ © F x e exp.I (expX Y\Y[Y exp] ) 7 ty

(exp-get)_S© q © ¯ © F x e exp 7 tyG
tyG � c� F knH�m tyo O O c� F_S© q © ¯ © F x e F�N exp. H 7 ty

(exp-set)_S© q © ¯ © F x e expX 7 tyG tyG � c� F_S© q © ¯ © F x e exp� 7 ty knH�m tyo O O c� F_S© q © ¯ © F x e F�N expX . H = exp� 7 ty
(exp-super)

F#� c� FhG klIsm[4 ty X Y\Y\Y ty] ^ ty5 o O ��� F'G{�| O¡.�~3YKY �!0�Y _S© q © ¯ © F x e exp� 7 ty�_S© q © ¯ © F x e FML this N super.I (expX�Y'Y\Y exp] ) 7 ty

Utility functions:
MT 4 ty I (ty X J X m[Y'Y\Y\m ty] J ] ) 5 : klIsm[4 ty X Y\Y'Y ty] ^ ty5 o
MR 4 ty I (ty X
J X m\Y\Y\Y\m ty]@J ] ) exp5 : klIsm[4lJ X Y\Y'YrJ ] 5 expo

Figure5: Staticsemanticsof Javacito.

a subclassof F , however.

Proposition1 (Decidability)
x

p is decidable.

2.2 Operational semantics

Figure6 containsthe contextual small-stepoperationalsemantics
of Javacito. We introduce two new terms: object expressionsklF�mDeK4nH°d^ exp5 ;hgpo and locationsloc. The runtime store ± maps
eachlocationto anobjectvalue,whichconsistsof aclasstaganda
collection ² of field-valuebindings.

An evaluationcontext ³ is an expressionwith a hole, which
encodesthesearchfor thenext redex. . ³´Y\Y\Y	0 indicatesthat the
first expressionof asequenceis alwaystheredex. An argumentlist
of the form 4 val X m\Y'Y\Y\m val] mr³¥m'Y\Y\Y 5 meansthat all expressionsto
theleft of theredex mustbevalues.Thestateof thecomputationis
characterizedcompletelyby a termpairedwith a store.Theprimi-
tive reductionrelation µ ^ is definedbetweenthesestates,giventhe
classhierarchy

_
andthe code

t
. We do not neederror states;

sinceJavacito doesnot have null referencesor dynamiccasts,no
runtimeerrorscanoccur. Rather, evaluationgetsstuck if oneof the
sideconditionsof a reductionis notmet.

An object expressionis usedto representpartially initialized
objectsduringthereductionof new F . Onceall thefieldexpressions
arereducedto values,we allocatea new locationin which to store
theobjectliteral.

Notehow theannotationsareusedin definingreductions.In (r-
super), weretrievethemethodI from F G , theimmediatesuperclass
of theclassF which containsthesuper call. The loc annotationin
(r-super) is the locationof this. In therules (r-get) and (r-set) for
field access,theclassannotationis usedto enforceprivacy; H must
bedeclaredin theclasswhichcontainsthefield accessexpression.

Even thoughanupward casthasno effect at runtime,theside
conditionof (r-cast) ensuresthatevaluationwill getstuckif a cast
is somehow appliedto anobjectof inappropriatetype.

Javacito is sound,meaningthat a programwhich passesthe
static type checkingwill not get stuckat runtime. Thanksto the
strongsideconditionson (r-get) and (r-set), this alsomeansthat
privacy will notbeviolatedat runtime.To formally stateandprove
soundnesswe usestandardtechniquesand extend the typing re-
lation to a relation

_S© t x
c k expm>± o 7 ty on runtimeconfigura-

tions(seee.g.[13]), whichallowsusto prove thesubjectreduction
andprogressproperties.Detailscanbefoundin theaccompanying
technicalreport[23].

3 The Target Langua ge

The target languageM INIFL INT is a call-by-value variant of the
omega-orderpolymorphiclambdacalculus( ) * ) [18, 33]. We ex-
tend )#* with standardconstructsfor recursive typesof basekind
(with explicit ¶§·�¸ ¹ and º�»�¶§·�¸ ¹ ), existential typeswith dot nota-
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Syntacticextensions:

Objectexpressionexp 7K7 : Y\Y\Y E klF�m[eK4nH¼d^ exp5B; gpo
Locationvalue val 7K7 : Y\Y\Y E loc

Fieldmap ² 7K7 :a` E ² b e H®d^ valg
Runtimestore ± 7K7 :a` E ± b . loc d^fklF�m½² o 0

Evaluationcontexts:

³ 797 :f¾ E .!³´Y\Y[Y	0 E (ty) ³E klF�m[e H¼d^ val X m[Y\Y\Y\mBH®d^ val] m%H¼d^¿³�m\Y\Y\Y gpoE ³ .I ( Y\Y\Y ) E val.I (val X m\Y[Y\Y\m val] mB³�m\Y\Y\Y )E F�L val N super.I (val m\Y\Y'Y[m val] m%³�m'Y[Y'Y )E FZN ³ . H E F�N ³ . H = exp
E F�N val. H = ³

Primitive reductions:

(r-new)
_S© t x k§³ [new F ] m>± o µ ^fk§³ [ klF�m½² o ] m>± o

where² : e H¼d^ exp
E knH�m expo O c��À F g

(r-alloc)
_S© t x k§³ [ klF�m[e H � d^ val� �DÁwÂ Xr� � ]wÃ g d^ o ] m>± oµ ^fk§³ [loc] m>±#e loc d^aklF�m\e H%�Äd^ val� �DÁwÂ Xr� � ]wÃ gpougÅo

whereloc yO dom4Å±z5
(r-body)

_S© t x k§³ [ . val; expX ; Y\Y\Y ; exp]j0 ] mr± oµ ^fk§³ [ . expX ; Y'Y\Y ; exp]Æ0 ] m>± o
(r-return)

_S© t x k§³ [ . val 0 ] m>± o µ ^fk§³ [val] m>± o
(r-call)

_S© t x k§³ [loc.I (val X Y\Y\Y val] )] mr± oµ ^fk§³ [expe loc2 this m val X 2�J X Y[Y\Y val] 2�J ] g ] m>± o
where±Ç4 loc5 : klFhGum o
and klI¡m[4lJ X Y\Y[YrJ ] 5 expo O c��À F G

(r-super)
_S© t x k§³ [ F�L loc N super.I (val X Y\Y\Y val] )] m>± oµ ^fk§³ [expe loc2 this m val X 2�J X Y[Y\Y val] 2�J ] g ] m>± o

where FÆ� c� F'G
and klI¡m[4lJ X Y\Y[YrJ ] 5 expo O c��À F G

(r-get)
_S© t x k§³ [ F�N loc. H ] m>± o µ ^ak§³ [val] m>± o

where±Ç4 loc5 : klFhGum>² o and ²®4nH	5 : val
and knH�m o O O cÀ F and F G � c� F

(r-set)
_S© t x k§³ [ F�N loc. H = val] m>± oµ ^fk§³ [val] m>±#e loc d^aklF�m½² GÅougÅo

where±Ç4 loc5 : klF G m>² o and F G � c� F
and ² G : ²®e H®d^ valg and knH�m o O O cÀ F

(r-cast)
_S© t x k§³ [(ty) loc] m½± o µ ^�k§³ [loc] m>± o

where±Ç4 loc5 : klF�m o and F � � ty

Figure6: Operationalsemanticsof Javacito.

tion [8], tupleswith row polymorphism,anda store. The syntax
is given in Figure7, andthe staticsemanticsin Figure8. Notice
that we only list the formationrulesfor environments,types,and
terms;thetypereductionandequivalencerulesareomitted.

Following Rémy [31] we introducea kind of rows ÈÄÉ , whereÊ
is thesetof labelsbannedfrom therow. ËzÌwÍ É is theemptyrow

missing
Ê

, and
­wÎ%ÏZÐBÏ G constructsa row from theelement

­
of typeÏ

andtherow
Ï G . TherecordconstructorÑÄLDÒ lifts a completerow

type(with no labelsmissing)to kind Ó .
Considerthefollowing example,a functionwhich fetchesfield­

from a record,regardlessof whatotherfieldsarepresent:

¸ Ô�Õ
ÖÅ×½Ø�Ù�Ú�Û Î�Î È Â ¬ Ã�Ü ,�J Î Ñ ­vÎ�Ý »�Õ Ð ÛBÒ Ü 4lJ Ü ­ 5Þ »ÄÖÅ×½Ø	ßpËzÌvÍ Â ¬ Ãhà Ñ ­ Ù´á�Ò�âPÖÅ×uØ�ß�I Î�Ý »wÕ Ð ËzÌwÍ Â ¬pã «zÃhà Ñ ­ Ù¨ä�mrIåÙ´æ3Ò
We saythe function Öp×½Ø is polymorphicin the tail of its argument.

ç8797 : Ó E È É E ç ^ ç GÏ 797 :éè Ô�¶ ÏSE�Ï ^ Ï GE Û E J Ü ê�ë3ì E { Û Î�Î ç Ü ÏªE � Û ÎpÎ ç Ü ÏUE[í Û'Y ÏUE ,�Û Î�Î ç Ü ÏUEDÏPÏ GE ËzÌvÍ É E�­vÎ%ÏZÐBÏ G E Ñ Ï Òîï797 :fð Ô�¶ î E�ñ î E î Î Ù î GE J E ,�J Î%Ï Ü î E î J E ¸ Ô�Õ�JÆÙ î G Þ » îE ¶§·�¸ ¹ î�ò Í ÏSE º�»�¶§·�¸ ¹ îE Ú�Û Î�Î ç Ü î E î ß Ï à E kÅÛ Î�Î ç Ù Ï�ó î Î%Ï G o E J Ü ô ò ¸E Ñ�4 ­ Ù î 5 ; Ò E î Ü ­
ÛMO TypeVars JSO Vars

­ O Labels
Ê OSõ¥4 Labels5

Derivedforms:

Ñ ­ X Î%Ï X Ð Y\Y\Y ­ ] Î%Ï ] Ò÷ö: Ñ ­ X Î%Ï X Ð Y\Y'Y ­ ] Î%Ï ] Ð ËzÌvÍ Â ¬9ø\ã � � ¬úù Ã Òû ö: Ñ�ËzÌwÍhü�ÒîÇî GZö: ¸ Ô�Õ�JÇÙ î Þ »�¸ Ô�Õ�J G Ù î G Þ »÷J¼J G m
where J is not freein î G

Figure7: Syntaxof M INIFL INT.

Typesxªý Ôw» ô ý 4lJ�5 : � Û Î�Î ç Ü Ïý�x J Ü ê�ë3ì 7K7�ç
x¼ý Ôw» ôýQx ËzÌvÍhÉ 7K7 ÈÄÉýQx Ï 7K7 Ó ýQx Ï G 7K7 È É�þ Â ¬ ÃýQx ­wÎ%Ï�ÐBÏ G 7K7 ÈÄÉ�ÿ Â ¬ Ã
ýQx Ï 7K7 ÈÄüýQx Ñ Ï Ò 7K7 Ó

Termsý m�J Î%Ï G x îP7 Ï ýQx Ï 7K7 ÓýQx ,�J ÎhÏ G Ü îP7 Ï G�^ Ï
ýQx îP7 Ñ ­ X Î%Ï X Ð YKY ­ ] ÎBÏ ] ÐBÏ G ÒýQx î Ü ­ ] 7 Ï ]{v| OÇ.n~3YKY �D0�Y ý�x î � 7 Ï �ýQx Ñ ­ X Ù î X ó Y9Y ­ ] Ù î ] Ò 7 Ñ ­ X Î%Ï X Ð YKY ­ ] Î%Ï ] ÒýQx îP7 Ï e í ÛhY Ï 2[Û gýQx ¶§·�¸ ¹ î�ò Í í ÛhY Ï 7 í ÛhY Ï

ýQx Ï G 7K7�ç ýQx îP7 Ï e Ï G�2DÛ gýQx kÅÛ ÎpÎ ç Ù Ï G ó î Î%Ï o 7 � Û ÎpÎ ç Ü ÏýQx îP7 í Û'Y ÏýQx º�»�¶§·�¸ ¹ îP7 Ï e í Û'Y Ï 2DÛ g
x®ý Ôw» ô ý 4lJ�5 : � Û ÎpÎ ç Ü ÏýQx J Ü ô ò ¸ 7K7 Ï e J Ü ê�ë3ì 2[Û g

Figure8: Staticsemanticsof M INIFL INT—
lesscommonrules.

Sincetheseareorderedrecords,theuseof labelshereis strictly for
clarity of presentation.In animplementation

Ê
couldbeaninteger

indicatingtheoffsetof therow from thebeginningof theenclosing
record.Notealsothatrecordtermsarejustnon-extensibletuples.

An existential type � Û ÎpÎ ç Ü Ï is the type of a pair containinga
hiddentype

Ï G of kind ç anda term of type
Ï e Ï GÅ2[Û g . We usedot

notation[8] to accessthe type ( J Ü ê�ë3ì ) and term ( J Ü ô ò ¸ ) compo-
nentsof a packageJ . Although this is a form of dependenttype,
thecalculusremainsdecidablebecausewe restrictthe L ÜúêZë�ì oper-
ation to termvariablesJ . We provide a ¸ Ô�Õ constructto bind term
variablesandlimit their scope.Abstracttypes J Ü ê�ë3ì and J�G Ü ê�ë3ì
areequivalent if andonly if J and J G areboundby the samȩ Ô�Õ .
Theargumentof anapplicationmustbea variableso thatwe can
trackthis equivalencethroughfunctionapplications.Variablesare
preventedfrom escapingthe scopeof , -abstractions,�J Î%Ï Ü î by
banningfreeoccurrencesof J in thetypeof î .
Proposition2 (Decidability) The M INIFL INT typing relationýQx îP7 Ï is decidable.

We omit thedynamicsemanticsof M INIFL INT, which defines
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Figure9: Objectlayout. (a) and(b) areinstancesof classesPt and
SPt, respectively. (c) is a view of (b) throughtheZm interface.

locations,stores
�

, values	 , anda reductionrelation µ ^ between
term-storepairs.Sinceruntimebehavior doesnotdependontypes,
wecanuseatype-erasuresemantics;this impliesthat ¶§·�¸ ¹ , º�»�¶§·�¸ ¹ ,
type application,packagecreation,andpackageprojectionareall
no-opsat runtime. However for proving type soundnessandcor-
rectnessof the translationof Javacito to M INIFL INT we definea
reductionsemanticson typedterms. The readeris referredto the
accompanying technicalreportfor details.

4 Object Layout

Westartby examiningtheobjectlayoutusedin ourencoding.Fig-
ure 9 depictsthe runtimerepresentationof two Java classobjects
andan interfaceobject. Theclassesandinterfacesaretaken from
theexamplein Figure1.

An objectis a recordcontaininga virtual table(vtable) andthe
private fields. The vtable is a per-classdatastructurecontaining
pointersto the methodsdefinedin the classor inheritedfrom the
superclass.

Theobjectmarked(a) is an instanceof thePt class,which has
onefield andthreemethods.Theobjectmarked (b) is an instance
of thesubclassSPt, whichextendsPt with a scalefield anda zoom
method. SPtoverridesthe move method;the othersareinherited
from thesuperclassby simplypointingto thesamecode.Notethat
both the object recordand the vtableof (a) areprefixesof those
in (b). This propertyallows superclassmethodsto accessobjects
createdby subclasseswithoutany coercions.

In additionto its four methods,thevtablefor classSPtcontains
a pointerto an interfacetable(itable). An itable is merelya rear-
rangementof someof themethodsin thevtableto correspondto an
interfacewhich theclassimplements.Givenanobjectof interface
type,we know nothingabouttheshapeof its vtable.Thus,we use
the itable to give a consistentview of the methodsin a particular
interface,independentof theunderlyingvtable.

Therearevariouswaysof locatingmethodsin interfaceobjects.
Onetechnique,usedin theTobaahead-of-timecompiler[30], is to
constructa per-classdictionarythatmapsmethodnamesto offsets
in the vtable. Another idea, implementedin the CACAO 64-bit
JIT compiler [22] anddescribedinformally elsewhere[26], is to
constructanitablefor eachinterfacewe implementandstorethem
all somewherein thevtable. Although[22] is not clearon how to
usetheitable,thereappearto betwo choices.First,we cansearch
for theappropriateitablein thevtable,whichamountsto dictionary

lookupon interfacenamesratherthanon methodnames.Second,
whencastingan object from classtype to interfacetype, we can
selectthe itableandthenpair it with theobjectitself. This avoids
namelookupentirelybut requiresminorcoercionswhencastingto
andbetweeninterfacetypes.Theobjectmarked (c) in Figure9 is
theresultof castinganSPtobject(b) to theZm interface.

In our encoding, we use coercionsto achieve fixed-offset
methodselectionregardlesswhetherwe areusinga classor inter-
faceobject. Fromour intuition andexperiencewith implementing
functional languages,we believe the costof the coercionwill be
paid for by the fast methodaccessesit enables. Another reason
to usethe coercionin a typed implementationis that the dictio-
nary lookup (and cachingthe resultsfor quicker accesslater) is
extremelydifficult to prove type-safe.

5 Translation

Themainresultof this paperis a type-preservingtranslationalgo-
rithm that compilesa well-typedJavacito programinto a term of
thetargetlanguageM INIFL INT. In thissection,wefirst informally
describeour algorithm,usingspecificexamplesanda setof type
andtermmacros(seeFigures10 and11). We thengive theformal
algorithm(seeFigure12) andshow that it is bothtype-correctand
sound.

Eachclassdeclarationis separatelytranslatedinto a let-bound
existentialpackage.A skeletonof this packagefor a class F fol-
lows:

¸ Ô�Õ�J�
	ÙïkpÛ
�
��� Î�Î ÓªÙ 5.1.1
ó

Ñ���� �hØ�Ù�Ú�Û���������� ��� Ü Ú
Û������
 �!#"�� Ü Ñ 5.3 Ò ó��$%� Ø�Ù´, Î û Ü Ñ 5.1.3 Ò ó$'&�(®Ù´, Î û Ü
5.3.1

Ò Î 5.1.2, 5.2 oÞ »¼Y\Y'Y
Missingcomponentsin thepackagehavebeenreplacedwith boxes
indicatingthesubsectionsbelow which containfurtherdetail.

Thepackageis boundto J�
 , a variableobtaineddirectly from
theclassnameF . Formally, J*) is a mapfrom ClassNamesto Vars.
In examples,we distinguishthetwo domainsusingdifferentfonts;
thepackagefor classPt is boundto thevariable +�Ø .

Thetypecomponent( Û �
��� ) of thepackagecontainsthetypeof
theprivatefieldsdeclaredin classF . Outsidethepackage,this type
canbeselectedusingdotnotation( J 
 Ü ê�ë3ì ) but it remainsabstract.
Thevaluepartof thepackageis a recordcontaininganextensible
dictionary( ��� �hØ ), a field initializer ( ��$%� Ø ), anda constructor( $'&�( ).
We say ��� �%Ø is extensiblebecauseit is parameterizedby row types
for additionalfieldsandmethods.To producea vtablefrom anex-
tensibledictionary, we instantiatetheserow typesto empty. Sub-
classeswill instantiatethemaccordingto their own new fieldsand
methods.

In Section5.1, we describethe encodingof privatefields and
field initialization. Section5.2coversthetyping issuesfor vtables
andobjects. Termsfor methodinvocation,super, new, andcasts
aregiven in Section5.3. Inheritanceandinterfacesarehandledin
sections5.4and5.5,respectively. Finally, Section5.6makessome
formal claimsaboutthetranslation.

5.1 Fields and priv acy

5.1.1 Own fields

Let the fields declaredin class F be representedby a recordof
ML-style polymorphic ð Ô�¶ cellscalled ,.-0/2143�5�?�e F g . For example,
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,4-6/7143�5�?�ePtg : Ñ98 Î è Ô�¶ Ý »�ÕhÒ . Usinga moreefficientflat mutable
record: presentsno problems,but for simplicity we prefer to pre-
serve theorthogonalityof featuresin M INIFL INT.

A tricky issuein defining ,.-0/7143�5�?�e F g is that the class F may
containa field of type F , whoseprivatesarealso visible to code
within class F . Imaginea classList which hasfields ‘ int data’
and ‘List next’. Within classList, it is legal to accessnot only
‘ this.next’ but also ‘ this.next.next’ and ‘ this.next.next.next’, and
soon,adinfinitum.

This implies that, in the generalcase, ,4-6/7143�5�?�e F g mustbe a
recursive type:,.-0/2143�5�?�e F g : í Û��
����Y%,.-0/2143�5�?9;=<�/Me F g 4�,?>A@B;=<�/�e F g Û����*�[5
where ,?>A@B;=<�/Me F g (seeSection5.2.2)is the type of a classobject
parameterizedby the typeof its privatefields. (All typeoperators
usedin the translationare listed in Figure10.) ,.-0/7143�5�?9;=<�/Me F g
takes an argument Û ! �DC � , createsa recordcontaining ð Ô�¶ cells for
eachfield declaredin F , andmakesany fields of type F have typeÛ ! ��C � instead.For theclassList mentionedabove,,.-0/2143�5�?';?<�/Me List g : ,�Û ! �DC � YBÑ%�7EDØ�E Î è Ô�¶ Ý »wÕ Ð $'&F8DØ Î è Ô�¶MÛ ! ��C � Ò
Substitutingthis into ,.-0/2143�5�?�e List g , wehave:,4-6/7143�5�?�e List g : í Û �
�*� Y%ÑB�7EDØ�E Î è Ô�¶ Ý »�Õ Ð$'&�8DØ Î è Ô�¶�4�,G>A@%;=<�/�e List g Û��
���[5rÒ
As required,theprivatefieldsof List includea $'&�8DØ field which, in
turn, is anobjectwhoseprivatefieldsincludea $'&F8DØ field, etc.

5.1.2 All fields

An objectcontainsnotonly thefieldsof its own class,but thefields
of all its superclassesaswell. Field visibility, however, is basedon
theclassin which thefieldsweredeclared.Fieldsfrom eachclass
canbehiddenor revealedindependently. This impliesthatweneed
to segregatethefieldsby theclassin which they weredeclared.

Let HI3A3 143�5�?9;=<�/KJZe F g producethetypeof thesegregatedrecord
containingall fieldsin anobjectof classF . In theexample,HI3A3 143�5�?9;=<�/9J�ePtg : ,�Û����*��Y%ÑL+�Ø Î Û
�
����ÒHI3A3 143�5�?9;=<�/ J eSPtg : ,�Û ���*� Y%ÑL+�Ø Î +�Ø ÜúêZë�ì Ð�M +�Ø Î Û �
��� Ò
where +�Ø Ü ê�ë3ì is theabstracttypeof privatefieldsin Pt. Û��
��� canbe
instantiatedto ,.-0/7143�5�?�e F g for useinsidetheclassF , or to J�
 ÜúêZë�ì
outside,whereJ 
 is boundto thepackageimplementingclassF .

We userow polymorphismto extend superclassfield record
typesin subclasses.We additionallyparameterizethe above op-
eratorsby Û���������� ��� , a row of field recordsdefinedby potentialsub-
classes.Now we candefinethe SPtfields using the Pt fields di-
rectly:HI3A3 143�5�?';?<�/�ePtg : ,�Û �
�*� Y%,�Û
��������� ���hYBÑL+�Ø Î Û �
��� Ð Û���������� ���>ÒHI3A3 143�5�?';?<�/�eSPtg : ,�Û
�
�*��Y%,�Û
��������� ���hYHI3A3 143�5�?9;=<�/�ePtg +�Ø Ü ê�ë3ì 4 M +�Ø Î Û �
��� Ð Û���������� ���r5
In the generalcase,the segregatedrecordtype is producedusing
two mutuallyrecursive operators(seeFigure10).

5.1.3 Field initialization

As a part of the codefor class F we definea function ��$%� Ø which
createsarecordof ð Ô�¶ cells,eachinitializedwith thetranslatedfield
initializer expression.Every classJ�
 exports ��$%� Ø asa functionof
type

û ^ J 
 ÜúêZë�ì . For thePt classin our example, +�Ø Ü ô ò ¸ Ü ��$%� Ø is

N /%O�P�Q�R�,?>A@ e F g 4ÅÛ
�
����mTS Î ,?>A@%;=<�/�e F g Û
�
���3m ¾ 5 :
¸ Ô�Õ�J#Ù¨º�»w¶§·�¸ ¹US Þ »�¸ Ô�Õ�J�GDÙ�J Ü ô ò ¸ Þ » ¾V P�Q�R�,?>A@ e F g4ÅÛ �
��� m�Û
��������� ���hm�Û������
 �!#"���m�×W&BX Ö ÎKY <�3 ZB;?<�/Me F g Û �
��� Û���������� ���jÛ������
 �!#"��[5:
¶§·�¸ ¹#kÅÛ���������� ����Ù�Û���������� ��� ó

kÅÛ������
 2!A"��ZÙ�Û
�����
 2!A"�� ó
×W&BX Ö Î[Y <�3 ZB;=<�/�e F g Û��
���&Û���������� ���jÛ������� 2!#"�� oÎ � Û������� 2!#"���Y Y <�3 Z';=<�/�e F g Û����*�&Û���������� ���ÆÛ������
 2!A"�� oò Í.,?>A@B;=<�/�e F g Û����*�N /%O�P�Q�R]\ZA�<�-¥e < g 4>A�S Î�^6_B` \ZA�<�-¥e < g m ¾ 5 : ¸ Ô�Õ�J#Ù¨º�»w¶§·�¸ ¹ÇA�S Þ » ¾V P�Q�R]\�A�<�-¥e < g 4ÅÛ
a � �Ab>m9S Î Û
a � �Abrm\A `	Î�^c_B`#d�` P%>�e < g Û�a � �ebn5 :

¶§·�¸ ¹#kÅÛ�a � �Ab ÎpÎ ÓSÙ�Û�a � �Ab óÑ%��f�gWh�ÙiS ó � ØWE7g!Ù�A ` ÒÎ \ZA�<�-=j!=kO�3Be < g 4lJ�l Ü ê�ë3ì 5 ^6_B` \ZA�<�-¥e < g Û
a � �Ab oò Í ^6_B` \�A�<�-¥e < g;=< ` 1�A�<�3�5�?�e F g 4FS Î ,?>A@%;=<�/�e F g ,4-6/7143�5�?�e F g 5 :N /BO�P�Q�R�,?>A@ e F g
4�,.-0/2143�5�?�e F g mTS�m�º�»�¶§·�¸ ¹#4nº�»�¶§·�¸ ¹Ç4lJ�G Ü ô ò ¸ú5 Ü m &'X ��× Ü ­ 
\5r5n P%3A3Be F g 4ÅÛ
�
�*��m[S Î ,G>A@%;=<�/�e F g Û
�
�*��mrIS5 :N /BO�P�Q�R�,?>A@ e F g 4ÅÛ ���*� m[S�m º�»�¶§·�¸ ¹#4lJ G Ü ô ò ¸ú5 Ü o Ø�E2g Ü ­ « 4lJ G Ü ô ò ¸ 5r5n P%3A3Be < g 4 m�A�S Î�^c_B` \ZA�<�-¥e < g mBIU5 :N /BO�P�Q�R]\�A�<�- e < g 4>A�S�m�J Ü ô ò ¸ Ü � Ø�E2g Ü ­ « 4lJ Ü ô ò ¸ Ü ��fLgWh½5r5n P�? ` e F�m�F G9g 4ÅÛ �
�*� m�Û G�
��� S Î ,?>A@%;=<�/�e F g Û �
��� 5 :N /BO�P�Q�R�,?>A@ e F g 4ÅÛ ���*� m[S�mV P�Q�R�,?>A@!e F'G g 4ÅÛ>G�
��� m�4 ­ 
 Î Û��
��� Ð J Üúê�ë3ì 5hmp <�- V.q >�3 A�Q�e F g ^6_B` ,?>A@ e F g J�G Ü ê�ë3ì m�J�G Ü ô ò ¸ú5r5

if F'G : Y q OL<�r�e F gn P�? ` e F�mB< g 4ÅÛ��
����m mTS Î ,?>A@%;?<�/Me F g Û��
���[5 :N /BO�P�Q�R�,?>A@ e F g 4ÅÛ����*��m[S�mV P�Q�R]\�A�<�-¥e < g 4 Y <�3 ZB;=<�/�e F g Û �
��� J Üúê�ë3ì J G Ü ê�ë3ì m�J G Ü ô ò ¸�m
º�»�¶§·�¸ ¹#4lJ G Ü ô ò ¸ 5 Ü o Ø�E2g Ü ­ l 5r5n P�? ` e <rmB<§G g 4 m mZA�S Î�^c_B` \ZA�<�-¥e < g 5 :N /BO�P�Q�R]\�A�<�- e < g 4>A�S�mV P�Q�R]\�A�<�-¥e <nG g 4lJ ÜúêZë�ì m�J Ü ô ò ¸ Ü ��fLgWhrm�J Ü ô ò ¸ Ü � ØWE7g Ü ­ l � 5r5V rWS%3�SBC e F g 4ÅÛ���������� ���hm>Û
�����
 2!A"���m�4lJv� Î%Ï ��5 ; m ¾ 5 :

,�×W&BX Ö Î9Y <�3 ZB;?<�/�e F g ,.-0/2143�5�?�e F g Û���������� ���ÆÛ������
 2!A"�� Ü 4n,�Jv� ÎBÏ � Ü 5 ;
¸ Ô�Õ�Ø�s%� ×�Ù V P�Q�R�,?>A@ e F g 4�,.-0/2143�5�?�e F g m�Û
��������� ���hm�Û������
 2!A"���m�×W&BX Öl5Þ » ¾n[t <WQ�3%e F g 4FQ�3�P�?B?�uISK5Bv Î n 3�P�?%?9;=<�/�e F g ,4-6/7143�5�?�e F g m ¾ 5 :
¸ Ô�Õ�J�
ZÙ�kÅÛ��
����Ùw,.-0/2143�5�?�e F g ó Q�3�P�?%?�uISK5'v Î n 3�P�?B?9;=<�/Me F g Û��
��� oÞ » ¾d t <WQ�3%e < g 4 ¾ 5 :
¸ Ô�Õ�J�lwÙQkÅÛ �#!#"�xzy Ù´ËzÌwÍK{0|9}W~A�e� � � l � ó

Ú�Û
a � �AbBYB,�A `�Î�d�` P�>%;=<�/Me < g ËzÌvÍK{z|9}W~e�A� � � l � Û�a � �eb Ü A `Î { Û
a � �Ab>Y d�` P�>%;=<�/�e < g ËzÌvÍ {z|9}W~e�A� � � l � Û�a � �eb^ d�` P%>%;=<�/ze < g Û �#!A"�xzy Û
a � �Ab oÞ » ¾
Figure11: Termmacrosusedin thetranslation.
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By convention,thetypevariablesusedin thetranslationhave thefollowing kindsandintendedmeaning
(in thecontext of a templatewith parameter� or � ):

Û��A�
� � ÎpÎ Ó – typeof receiver objectitself Û ! ��C � Î�Î Ó – typeof anargument/resultof receiver’s class

Û
�
��� ÎpÎ Ó – typeof privatefieldsof object Û
��������� ��� Î�Î È��B�B|9}W~e�A� � � 
 � – typeof row of field recordsof asubclassof �
Û
������ 2!#"�� ÎpÎ Ó ^ È�{z|9}W~e�A� � � 
 � – typeof row of new methods/interfacesof a subclassof � , parameterizedby typeof self

Û
a � �Ab ÎpÎ Ó – typeof objectin aninterfaceview Û ��!A"�xzy Î�Î È {0|K}W~e�e� � � l � – typeof interface’s “hiddenmethods”

Givenenvironments� and � ,Y q OL<�r�e F g : F G s.t. FÇ� c F GY n�� P�>�<�3 ?�e F g : . ­ 
>� E F � c� F'GÅ0� � P�>�<�3 ?�e F g : . ­ « E klIsm o O ��� FD0�Rª. ­ l E Fj� c� <>0� � P%>�<�3 ?�e < g : . ­ « E klIsm o OZ���v<½0�RU. ­ l � E < � i� < G 0p <�- V.q >�3 A�Q�e F g : ,�Û ! �DC � Y%,�Û������
 2!A"���Y%,�Û
�A�
� �½YD4 4 ­ l Î�^6_B`#d�` P�>�e < g Û
�A�
� � Ð 5 ; 4 ­ « Î Û��A�
� ��^�e e W g g 
&Û ! ��C � Ð 5 ; 4ÅÛ������
 �!#"��÷Û��#��� �l5r5
where<T� ��� 4 _ 4lF[5r5hm�klIsm W o � �	� 4 q 4lF\5r5,G>A@�j!=kO�3re F g : ,�Û����*��Yh,�Û ! ��C � Y%,�Û
��������� ���hY%,�Û
������ 2!#"���Y í Û��A�
� �>Y%Ñ o ØWE7g Î \ ` P�>%;=<�/ze F g Û ! �DC � Û������� 2!#"��÷Û��A�
� � Ðm &'X ��× Î HI3#3 143�5�?9;=<�/�e F g Û����*�&Û���������� ���rÒ,G>A@%;=<�/�e F g : ,�Û ���*� Y í Û ! �DC � Y � Û
��������� ���hY � Û������
 2!A"���Y�,G>A@�j!=kO�3Be F g Û ���*� Û ! �DC � Û���������� ���jÛ������
 �!#"��^6_B` ,?>A@!e F g : ,?>A@%;?<�/�e F g 4lJ�
 ÜúêZë�ì 5Y <�3 ZB;=<�/�e F g : ,�Û����*��Yh,�Û
��������� ���%YB,�Û������� 2!#"���Y�,?>A@�j!=IO�3Be F g Û��
���ª4�,?>A@B;=<�/Me F g Û��
���[5ÆÛ���������� ���zÛ������
 2!A"��,.-0/2143�5�?9;=<�/Me F g : ,�Û ! �DC � Y%Ñ�4 ­#�MÎ è Ô�¶�4re e W g g 
&Û ! ��C � 5r5 ; Ò
where knH�m W o � � X 4 q 4lF[5r5,.-0/2143�5�?�e F g : í Û �
��� Y�,.-0/2143�5�?';?<�/Me F g 4�,?>A@B;=<�/�e F g Û ���*� 5HI3A3 143�5�?9;=<�/�e F g : ,�Û����*��Yh,�Û
��������� ���%Y�HI3A3 143�5�?�e Y q OL<�rZe F gKg 4 ­ 
 Î Û��
��� Ð Û
��������� ���r5HI3A3 143�5�?ve F g : ,�Û���������� ���%Y�HI3#3 143�5�?9;=<�/Me F g 4lJ�
 ÜúêZë�ì 5ÆÛ���������� ���\ ` P�>%;=<�/Me F g : ,�Û ! �DC � Y%,�Û������
 2!A"���Y%,�Û
�A�
� �½Y ^6_B` \ ` P%>�e Y q OL<�r�e F g9g 4 p <�- V.q >�3 AeQ�e F g Û ! �DC � Û
������ 2!#"��\5ÆÛ��A�
� �^6_B` \ ` P�>�e F g : ,�Û������
 2!A"���Y%,�Û
�A�
� �½Y�\ ` P�>%;=<�/ze F g ^6_B` ,?>A@ e F g Û������
 2!A"��&Û��#��� �
and

^c_B` \ ` P�>	eObjectg : ,�Û������� 2!#"���Y%,�Û��#��� �½Y%Ñ�Û������
 2!A"��÷Û
�A��� �nÒt A�Q ` ;=<�/Me F g : ,�Û����*��Yh,�Û
��������� ���%YB,�Û������� 2!#"���Y\ ` P�>%;?<�/Me F g 4�,?>A@B;=<�/Me F g Û��
���[5&4 ,�Û��A�
� �>YBËzÌwÍ {0|K}W~e�e� � � 
 � 5@4 Y <�3 Z';=<�/�e F g Û����*�&Û���������� ���ÆÛ������
 2!A"��\5n 3�P�?B?9;=<�/Me F g : ,�Û ���*� YhÑ%��� �hØ Î { Û
��������� ���hY { Û������
 �!#"���Y t A�Q ` ;=<�/Me F g Û ���*� Û���������� ���ÆÛ������
 2!A"�� Ð��$%� Ø Î û ^�,.-0/2143�5�?';?<�/Me F g 4�,?>A@%;=<�/�e F g Û
�
���D5 Ð$'&�( Î û ^�,G>A@%;=<�/�e F g Û
�
�*�[Òd�` P%>�j!=kO�3Be < g : ,�Û ��!A"�xzy YB,�Û ! �DC � YB,�Û�a � �Ab>YhÑ�4 ­ l�� Î�^6_B`#d�` P�>�e < G g Û�a � �eb Ð 5B;�4 ­ « Î Û�a � �eb�^ae e W g g lzÛ ! �DC � Ð 5B;%Û �#!#"�xzy Ò
where< G � _ 4l<u5hm�klI¡m W o � � � 4 q 4l<u5r5\ZA�<�-=j!=kO�3Be < g : ,�Û ��!A"�xzy YB,�Û ! �DC � YB,�Û�a � �Ab>YhÑ%��f�gWh Î Û�a � �eb Ð � Ø�E2g Î�d�` P�>�j!=IO�3he < g Û �#!#"�xzy Û ! �DC � Û�a � �ebuÒ\�A�<�-=;?<�/�e < g : ,�Û ��!A"�xzy Y í Û ! ��C � Y � Û�a � �Ab>Y�\ZA�<�-=j!=kO�3Be < g Û �#!#"�xzy Û ! �DC � Û�a � �Abd�` P%>%;=<�/Me < g : ,�Û ��!A"�xzy YB,�Û�a � �Ab>Y d�` P�>�j!=IO�3%e < g Û �#!#"�xzy 4�\ZA�<�-?;=<�/Me < g Û �#!#"�xzy 5ÆÛ�a � �eb^6_B` \�A�<�-�e < g : \ZA�<�-?;=<�/�e < g 4lJ�l Ü ê�ë3ì 5^6_B`#d�` P�>�e < g : ,�Û�a � �eb>Y d�` P�>%;=<�/Me < g 4lJ l Ü ê�ë3ì 5ÆÛ
a � �Ab
e e ty X Y[Y'Y ty] ^ tyg g ty� : ,�Û ! �DC � ÎpÎ Ó Ü e e ty Xrg g ty� Û ! �DC � ^�Y'Y\Y[e e ty]vg g ty� Û ! �DC � ^fe e tyg g ty� Û ! �DC �

e e tyg g ty� : ,�Û ! �DC � ÎpÎ Ó Ü ��� �� Û ! ��C � m if ty : tyG^6_B` ,?>A@ e F g otherwise,if ty : F^6_B` \�A�<�-¥e < g otherwise,if ty : <
Figure10: Typeoperatorsusedin thetranslation.
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(trans-var)JSO dom4§¯!5© © ¯ © x J 7 ¯
4lJ�5I�aJ
(trans-new) _ x

t F'G_S© © © F x new FhG 7 FhG��� 4lJD
MÑwÒ�5 Ü $'&�(´Ñ�Ò�m if FhG : FJ 
 � Ü ô ò ¸ Ü $'&�( Ñ�Ò�m if FhG�y: F
(trans-get)_S© q © ¯ © F x exp 7 tyG6� î

tyG � c� F knH�m tyo O O c� F_S© q © ¯ © F x F�N exp. H 7 ty� ñ 4r4�;=< ` 1�A�<�3�5�?�e F g 4 î 5r5 Ü ­ � 5
(trans-set)_S© q © ¯ © F x expX 7 tyGc� î X tyG � c� F_S© q © ¯ © F x exp� 7 ty � î�� knH�m tyo O O c� F_S© q © ¯ © F x F�N expX . H = exp� 7 ty� 4�;=< ` 1�A�<�3�5�?�e F g 4 î X 5r5 Ü ­ � Î Ù î �

(trans-class)_S© q © ` © F x exp� 7 ty� � î �_S© q ©
this 7 F�m�H=r§CDjDv�OL<h?	e F g 4>=&?%AKC � 5 © F x expG� 7G� ?�3 ` jDv�OL<v4>=&?BA9C � 5k� î G�_S© q © F © FhGx .v4 ty� Hh� = exp� ; 5 ; 4>=&?BA9C � expG� 5 ; 0� ,�J 
 Î û ^ n 3�P�?B?';?<�/Me F g ,.-0/2143�5�?�e F g Ü , Î û Ü

¸ Ô�Õ.��� �%Ø�Ù¨Ú
Û���������� ���%YrÚ�Û
������ 2!#"��3Y¸ Ô�Õ�×��7��&B��Ù�J 
½� Ü ô ò ¸ Ü ��� �%Ø�ß ­ 
 Î ,.-0/2143�5�?�e F g Ð Û���������� ��� àß p <�- V.q >�3 AeQ�e F g 4�,?>A@%;=<�/�e F g ,.-0/2143�5�?�e F g 5ÆÛ������
 �!#"�� àÞ »@¸ Ô�Õ=$'&�(.��� �hØ�ÙÑ�4 ­ «4  Ù V rWS%3�SBC e F g 4ÅÛ���������� ���%m�Û������
 �!#"���m*H=rlCDjDv�OL<h?�e F g 4>=@?BA9C � 5hm î G� 5r5B;\ÒÞ » � R t A�Q ` e F g 4l×��7�%&B�§m�$'&�(.��� �%Ør5Þ »�¸ Ô�Õ.��$%� Ø�Ù´, Î û Ü Ñ�4 ­A�   Ù ð Ô�¶ î ��5 ; ÒÞ »�¸ Ô�Õ?$'&�(®Ù , Î û ÜV P�Q�R�,?>A@�e F g 4�,.-0/2143�5�?�e F g m�ËzÌwÍ �B�B|9}W~e�A� � � 
 � m ËzÌwÍ {0|9}W~A�e� � � 
 � m¶§·�¸ ¹zÑ o ØWE7g Ù¡��� �hØ�ßpËzÌwÍ��B�B|9}W~e�A� � � 
 �úà ßpËzÌwÍ9{z|9}W~e�A� � � 
 �úà óm &BX ��×�Ù¨Ñ�4 ­ 
 � � Ù�J 
 � � Ü ô ò ¸ Ü ��$%� Ø
Ñ�Ò�5 
 � � � �'�%|K}W~e�e� � � 
 � � ó­ 
�Ù¢��$%� Ø
Ñ�Ò�Ò Ò
ò Í Y <�3 Z';=<�/Me F g ,.-0/2143�5�?�e F g Û���������� ���jÛ
�����
 2!A"��[5Þ »�Ñ%��� �hØ�Ù¡��� �hØ ó ��$%� Ø�Ù£��$%� Ø ó $'&�(®Ù¤$'&�(MÒ

where H=rlCDjDv�OL<h?�e F g 4 ty IT4 ty� J � 5 ; 5 : 4lJ � Î e e ty � g g�
 5 ;� ?�3 ` jDv�OL<w4 ty I 4 ty� J ;� 5r5 : ty

(trans-body){v| OU.w~�Y9Y ��0wY _S© q © ¯ © F x exp� 7 ty� � î �_S© q © ¯ © F x . expX ; Y\Y\Y ;exp]Æ0 7 ty]¥� 4 î X Ð Y\Y\Y Ð î ] 5
(trans-call)_S© q © ¯ © F x exp 7 tyG6� î

klIsm[4 ty X�Y\Y'Y ty]
^ ty5 o O ��� tyG{�| O}.�~3YKY ��0wY _S© q © ¯ © F x exp� 7 ty� � î �_S© q © ¯ © F x exp.I (expXZY[Y\Y exp] ) 7 ty� n PB3A3Be tyG g 4�,.-0/�e F g 4 tyG 5hm î m�IU5M4 î ��5B;
(trans-cast)_S© q © ¯ © F x exp 7 tyG � î tyG �z� ty_S© q © ¯ © F x (ty) exp 7 ty� n P�? ` e tyGnm tyg 4�,.-0/�e F g 4 tyGÅ5hm6,.-0/�e F g 4 ty5hm î 5
where ,.-0/�e F g 4 ty5 : � ,.-0/2143�5�?�e F g m if ty : FJ ty

ÜúêZë�ì
otherwise

(trans-class-decl)_ G © q G © x
d classF ext FhG imp < ; .�4 ty� H%� = exp� ; 5 ; 4>=@?BA9C � expG� 5 ; 0 �

_S© q ©_S© q © F © F G x .�4 ty� Hh� = exp� ; 5B;Æ4>=&?BA9C � expG� 5B;�0¦� î_S© q x 6 � _ G G © q G G © î G_ G © q G x classF ext F G imp <½;D.v4 ty� Hh� = exp� ; 5B;j4>=&?%AKC � expG� 5B;[0 6� _ G G © q G G © n[t <WQ�3%e F g 4e§*¨ î ÑwÒ�m î G 5
(trans-iface-decl)_ G © q G © x

d interface < ext < X Y\Y\YB< ] .w=&?%AKC X ; Y\Y[Y\=&?%AKC « ; 0 � _S© q ©_S© q x 6 � _ G G © q G G © î_ G © q G x interface < ext < X Y\Y\Yr< ] .v=&?BA9C X ; Y\Y\Y'=@?BA9C « ; 0 6� _ G G © q G G © d t <FQ�3%e < g 4 î 5
(trans-super)F#� c� F G klI¡m[4 ty X Y\Y[Y ty] ^ ty5 o O����wF G{�| O¡.�~3YKY �!0�Y _S© q © ¯ © F x exp� 7 ty� � î �_S© q © ¯ © F x FML this N super.I (expX�Y\Y\Y exp] ) 7 ty� N /BO�P�Q�R�,?>A@ e F g 4ÅØ�s%� ×hm�×��7�%&B� Ü ­ « 4lJ G Ü ô ò ¸ú5z4 î ��5B;D5

Figure12: Translationof Javacito to M INIFL INT.

, Î û Ü Ñ98�Ù ð Ô�¶z©3Ò . To createthesegregatedrecordcontainingthe
fieldsof eachsuperclass,we simplycall the ��$%� Ø functionsfor each
superclass.Supposethefollowing codeis insidethe

M +�Ø package:

¸ Ô�Õ?��$%� ØvÙ´, Î û Ü Ñ�×���E2X &�Ù ð Ô�¶cª�ÒÞ »¼Y\Y'Y%ÑL+�Ø�Ù«+�Ø Ü ô ò ¸ Ü ��$%� Ø Ñ�Ò�m M +�Ø�Ù¢��$%� Ø�ÑwÒ�Ò�Y\Y\Y
Then the type of the recordwill be HI3A3 143�5�?9;=<�/�e M +�Ø g appliedto,4-6/7143�5�?�e M +�Ø g andtheemptyrow ËzÌwÍhÉ , wherethelabelset

Ê
is.7+�Ø\m M +�Ør0 .

5.2 Types used in the translation

5.2.1 Vir tual tab les

Encodingthetypeof thevtableof aclassisabit trickier thanencod-
ing thefields. We needtypesfor the ×W&BX Ö argumentandfor method
argumentsof thesameclass.Thelatteris notsimply thesametype
asexternalclassobjectsbecausetheprivatefieldsneedto beacces-
sible.

For now, wewill abstractoverall of thesetypes,andshow how
to resolve themin thenext section. \ ` P%>%;=<�/ze F g producesthetype
of avtablefor classF . Hereis theparameterizedtypefor thevtable
of Pt: \ ` P�>%;=<�/zePtg : ,�Û ! �DC � Y%,�Û������
 2!A"���Y%,�Û
�A��� �½Y%Ñ¬ EK8 Î Û��#��� ��^ Û ! �DC � ^ Û ! �DC � Ð¬ f o & Î Û��#��� ��^ Ý »wÕ�^ û Ðg7� ¬ � Î Û��#��� ��^ û Ð

Û������
 2!A"��÷Û
�A��� �nÒ
where Û ! ��C � is thetypeof non-×W&BX Ö argumentsor resultsof classPt.Û������
 2!A"�� is the type of a row of new methodsin somesubclassof
Pt, parameterizedby Û��#��� � , thetypeof thereceiver objectitself.

The tail of thevtableis producedby applyingthe Û������� 2!#"�� op-
eratorto Û��#��� � . Thereasonis thatnew methodsaddedby subclasses
will needto useexactly thesame×�&BX Ö type.To achieve this,we pa-
rameterizetherow type. Theparameterizedtypeof theSPtvtable
cannow bedefinedusingthatof Pt (we areignoringtheZm inter-
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facefor now):\ ` P%>%;=<�/zeSPtg : ,�Û ! �DC � Y%,�Û������
 2!A"���Y%,�Û
�A�
� �>Y\ ` P�>%;?<�/zePtg ^6_B` ,?>A@!ePtg4n,�Û G�A��� � Y[4e­�f7f ¬ Î Û G�A�
� � ^ Ý »wÕ�^ û Ð
Û
�����
 2!A"��÷Û G�A�
� � 5r5�Û��A�
� �

where
^6_B` ,?>A@ e F g is the type of an externalview of an object of

class F , with all private fields hidden. It is instructive to expand
thebodyof this operator, makingit independentof thesuperclass
vtabletypeoperator:\ ` P�>%;=<�/MeSPtg : ,�Û ! ��C � Yh,�Û
�����
 2!A"���YB,�Û��A�
� �½YBÑ¬ E�8 Î Û��A�
� ��^ ^c_B` ,?>A@ ePtg ^ ^c_B` ,?>A@ ePtg Ð¬ f o & Î Û��A�
� ��^ Ý »wÕ�^ û Ðg7� ¬ � Î Û��A�
� ��^ û Ð­�f7f ¬ Î Û��A�
� ��^ Ý »wÕ�^ û Ð

Û������� 2!#"��÷Û��A�
� �lÒ
In the vtable for classPt, it is clear that the argumentof ¬ EK8 is
specialbecausemethodsin thevtablecanaccessits privatefields.
In the vtable for classSPt, however, the type of the argumentto¬ E�8 becomesindistinguishablefrom that of any other Pt object
seenfrom outside,regardlesswhetherwe inherit or override ¬ E�8 .

As indicatedby thetypesof functionsin thevtable,we areus-
ing curriedfunction applicationto implementmethodswith argu-
ments.This is only to keepthetargetcalculusassimpleaspossible.
Sincewe never do partial functionapplication,switchingto multi-
argumentfunctionswouldpresentnoproblems.

5.2.2 Object types

We combinethe field andvtableoperatorsin ,?>A@%j!=kO�3Be F g , a pa-
rameterizedtemplatefor generatingclassobject types (seeFig-
ure 10). Note the fixed point for resolving Û��A�
� � ; it ensuresthat a
methodselectedfrom the

o ØWE7g of an object S will accept S asits×�&BX Ö argument.
This templatemay be usedto generateseveral variationsof

classobjecttypes. In orderto understandhow we resolve thepa-
rametersandwhichvariationsareneeded,wemustbriefly examine
theextensibledictionaryfor a class:��� �hØ�Ù�Ú�Û���������� ���hYrÚ
Û������� 2!#"���YÑ ¬ EK8�Ù¨,�×W&'X Ö Î 4 Y <�3 ZB;=<�/�ePtg ,.-0/2143�5�?�ePtg Û���������� ���ÆÛ������
 2!A"��\5 Ü,Df�Ø�s'&B� Î 4�,?>A@B;=<�/�ePtg ,.-0/7143�5�?�ePtg 5 Ü Y'Y\Y óY[Y\Y%Ò
Thedifferencebetween

Y <�3 ZB;=<�/�e F g and ,?>A@B;=<�/�e F g is thatthe ×W&BX Ö
type shouldalso be extensible; this is why it takes Û
��������� ��� andÛ
������ 2!#"�� asparameters. ,?>A@%;=<�/�e F g , on the otherhand,is an ob-
ject generatedby someunknown class. It might have someaddi-
tional fieldsandmethodsbut we cannotknow what they are. The,G>A@%;=<�/Me F g operatorclosestheobjecttypeby existentiallyquanti-
fying thetwo tail variablesandtakinga fixedpoint to resolve Û ! �DC �
(seeFigure10).

The only parameterof ,?>A@%;?<�/�e F g is Û ���*� , the type of the
private fields in F . Inside the class’s dictionary, this is instanti-
atedto ,.-0/2143�5�?�e F g so that theprivatefields areaccessible.Out-
side the class, Û �
��� is instantiatedinsteadto J 
 Ü ê�ë3ì . Thus, the
type of a classobject viewed from the outsideis

^c_B` ,?>A@�e F g :,G>A@%;=<�/Me F g 4lJ�
 ÜúêZë�ì 5 .
Finally,

Y <�3 ZB;=<�/�e F g takesthetemplateandinstantiatesÛ ! �DC � to,G>A@%;=<�/Me F g Û����*� , but leavesthe tails asparameters.This ensures
thattheprivatefieldsof ×�&BX Ö will matchthoseof otherargumentsof
thesameclass.

5.2.3 Name equiv alence

By usingabstracttypesin the
m &BX ��× recordof everyobjecttype,we

encodethe classhierarchyandpreserve Java’s nameequivalence.
Recallthat two abstracttypes J Üúê�ë3ì and J�G ÜúêZë�ì areequivalent if
andonly if J and J G areboundby thesamȩ Ô�Õ . Thus,structurally
equivalent classeswill translateto different, incompatibleobject
types.

At first, it might seemthata target-calculusprogrammercould
sabotagenameequivalence.Anyoneis permittedto useJ 
 Ü ô ò ¸ Ü ��$%� Ø
to createrecordscontainingvalueshaving the abstracttypes ofF and its superclasses.Indeed,a programmercan createa

m &BX ��×
recordthat lookslike it belongsto classF , packageit with his own
devious methods,andhave it masqueradeasan objectof class F .
But this is not assubversive asit seems;it is merelysubclassing!
A Javacito programmercouldhave achievedthesamefeat.

5.3 Implementing the dictionar y

So far, we have concentratedmostlyon typing issues.In this and
the next section,we explore the term-level translationof method
bodiesandexpressions.We startwith objectcreation,thenmove
on to methodbodies,methodinvocation,andcasts.

5.3.1 Object creation

For theclassPt theextensibledictionaryhasthisshape:��� �%Ø�Ù¨Ú
Û���������� ��� Ü Ú�Û
������ 2!#"�� ÜÑ ¬ E�8
Ù´,�×W&BX Ö Ü Y\Y[Y ó ¬ f o &�Ù ,�×�&BX Ö Ü Y\Y'Y ó g7� ¬ ��Ù´,�×W&BX Ö Ü Y\Y\Y%Ò
The

o ØWE7g componentof anobjectisadictionaryfixedto theobject’s
type;we obtainit from ��� �%Ø by instantiatingto emptyrows. To get
an objectof classPt we thenpair

o ØWE7g with the
m &BX ��× record(see

section5.1.3),andfold to fix thetypeof ×W&BX Ö :
¸ Ô�Õ 6�® Ù�¶§·�¸ ¹zÑ o Ø�E2g!Ù¡��� �hØ�ßÅËzÌwÍ É�¯ à ßÅËzÌwÍ É2° à óm &BX ��×�Ù´ÑL+�Ø�Ù£��$%� Ø�Ñ�Ò�ÒwÒò Í Y <�3 ZB;=<�/MePtg ,4-6/7143�5�?�ePtg ËzÌvÍhÉ ¯ ËzÌvÍ'É °

where
Ê 
 : .7+�Ø%0 and

Ê « : . ¬ E�8�m ¬ f o &3m�g7� ¬ ��0 .
This objectcanbe passedasthe ×�&BX Ö parameterto methodsin

the
o ØWE7g , but its dynamic type is exposed—anyone can seethatm &BX ��× hasonly one component,+�Ø . In order to make 6�® ’s type

indistinguishablefrom thetypeof objectscreatedby subclassesof
Pt, we needto hidethetails:

¸ Ô�Õ 6 X ÙP¶§·�¸ ¹#kÅÛ���������� ����Ù¨ËzÌwÍ'É ¯ ók�Û������� 2!#"���Ù�ËzÌvÍ'É ° ó6�® Î9Y <�3 ZB;=<�/�ePtg Û
�
���¥ËzÌwÍ ÉL¯ Û
�����
 2!A"�� oÎ � Û
�����
 2!A"�� Ü Y <�3 ZB;?<�/�ePtg Û ���*� Û���������� ���ÆÛ������
 2!A"�� oò Í4,?>A@%;?<�/MePtg Û��
���
where,asusual, Û����*� is ,.-0/2143�5�?�ePtg if this expressionis inside
thePt classpackage,or +�Ø Ü ê�ë3ì otherwise.Thefinal ¶§·�¸ ¹ resolves
the twin type,asin thenon-×W&'X Ö argumentof ¬ EK8 . This argument
hasthesameprivatefieldsaccessibleasdoes×W&BX Ö , but its additional
fields andmethodsarehiddensinceit might have a differentdy-
namictype.

This operation,in its generalform, is encapsulatedastheterm
macro

V P%Q�R�,?>A@ e F g in Figure11. It is usednot only for objectcre-
ationbut for variousformsof casting.Its inverseis

N /%O�P�Q�R�,?>A@ e F g .
To implementthe $'&�( function in the classpackage,we need

to wrapa , aroundthetwo ¸ Ô�Õ -bindingsabove:

¸ Ô�ÕI$'&�(®Ù´, Î û Ü ¸ Ô�Õ 6 ® Ù Y[Y\Y Þ »�¸ Ô�Õ 6 X Ù Y\Y\Y Þ » 6 X
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Now we can simply selectand apply this function whenever we
encounter± ‘newPt’, unlessit appearsin the body of a methodin
classPt itself. In this case,thereis a circularity. The $'&�( function
refersto ��� �hØ , anda componentof ��� �hØ refersto $'&�( . (Similarly,
‘newPt’ mightappearin afield initializerexpression,in whichcase
thereis a circularity between��$%� Ø and $'&�( .)

We resolve this by passinga frozenclassrecordto thecall-by-
valuefixedpoint combinator§ ¨ :
¸ Ô�Õ�JD
�ÙïkÅÛ
�
��� Î�Î ÓSÙw,4-6/7143�5�?�e F g ó§*¨ ß n 3�P�?%?9;=<�/�e F g ,4-6/7143�5�?�e F g à4n,�J�
 Î û ^ n 3�P�?B?9;=<�/Me F g ,.-0/2143�5�?�e F g Ü, Î û Ü Ñ���� �hØ�Ù Y'Y\Y ó ��$%� Ø�ÙTY\Y\Y ó $'&�(®Ù Y\Y'Y%Ò�5Ñ�Ò oÞ »¼Y'Y\Y

where
n 3�P�?%?9;=<�/�e F g is the typeof theclassrecordfor classF (see

Figure10).
Using this technique,a methodinside ��� �hØ can createa new

objectof classF with theexpression4lJ�
zÑ�Òw5 Ü $'&�( Ñ�Ò . Notethatthe
fixed point is inside the package,so that the private fields of the
new objectareexposed.If we appliedthefixedpoint to thewhole
package,then‘ 4 newPt5 .x’ would beillegal.

5.3.2 Method bodies

As demonstratedin Section5.2.2,methodsaretranslatedinto cur-
ried functionswith anexplicit ×W&BX Ö parameter. ×W&BX Ö is differentfrom
otherobjects(includingtwin parameterssuchas f�Ø�s'&B� ) becauseit
hasalreadybeenunpacked; it is just a recursive record.To access
a field of f�Ø�s'&'� , oneneedsto unfold,unpack,unpackagain,unfold
again,andfinally, selectthe

m &BX ��× record.To accessa field of ×W&BX Ö ,
only thelasttwo stepsarenecessary.

For convenience,we translateobjectoperations(e.g.,method
invocation,casts,field selection)uniformly, regardlesswhetherthe
object is ×W&'X Ö . To supportthis, we begin eachmethodby packing×�&BX Ö to make it thesameshapeasany otherobject:

¸ Ô�Õ
Ø�s%� ×�Ù V P�Q�R�,G>A@!e F g 4�,.-0/2143�5�?�e F g mrÛ
��������� ���hm½Û������� 2!#"���mr×W&BX Ön5 Þ » Y\Y\Y
Now selectinga field from Ø�s%� × is the sameas selectingfromf�Ø�s'&B� . An optimizationphasecaneasilyremove any consecutive
pack/unpackor fold/unfoldexpressions.

5.3.3 Method invocation (invokevir tual)

To invokemethodI onanobject² , wejustunfold,unpack,unpack
again,unfold again(all typemanipulations),thenselectandapply:

¸ Ô�Õ�JÇÙ¨º�»�¶§·�¸ ¹.² Þ »&¸ Ô�Õ�J G Ù�J Ü ô ò ¸Þ »@º�»�¶§·�¸ ¹#4lJ G Ü ô ò ¸ 5 Ü o Ø�E2g Ü ­ « 4lJ G Ü ô ò ¸ú5
Theresultcanthenbeappliedto any additionalarguments.

Sincemethodinvocationis not atomic,we mustpreventusers
from selectinga methodfrom oneobjectandapplyingit to some
otherobject. This error is preventedbecausethe tails of the

m &BX ��×
and

o ØWE7g recordsof ² are abstracttypes. In the code above,J G Ü ô ò ¸ Ü o ØWE7g Ü ­ « will have a type which includesthe abstracttypesJ Üúê�ë3ì for the additionalfields in ² and J�G Üúê�ë3ì for the additional
methodsin ² . Sincetheonly objectwhich canhave thesetypesisJ G Ü ô ò ¸ itself,

­ « cannotbeappliedto any otherterm.

5.3.4 Upwar d cast

The purposeof an upward castis to allow an objectof class F to
masqueradeas an object of its superclass,F G . Sincewe already

keepobjectsinsidenestedpackagesto hide the tails of the
m &BX ��×

and
o Ø�E2g records,we cansimply repackagean object,hiding the

componentsof
m &BX ��× and

o Ø�E2g thatarepartof F but not F G .
In thefollowing example,let ² have type

^6_B` ,?>A@!eSPtg :
¸ Ô�Õ�JÆÙ´º�»�¶§·�¸ ¹.²Þ »@¸ Ô�Õ�J�GDÙ¨J Ü ô ò ¸Þ » V P�Q�R�,?>A@�ePtg 4W+�Ø ÜúêZë�ì m4 M +�Ø Î�M +�Ø Üúê�ë3ì Ð J ÜúêZë�ì 5hm4n,�Û
�A��� �>Y[4e­�f7f ¬ Î Û��A�
� ��^ Ý »wÕ�^ û Ð

J G ÜúêZë�ì Û��#��� �§5r5hmJ�G Ü ô ò ¸ú5
The result is a value with type

^c_B` ,G>A@!ePtg . We achieved this
using type manipulationsonly; the underlyingobject recordwas
not touched.Dynamically, the entireprocessis a no-op. Seethen P�? ` e F�m�F G9g macroin Figure11 for thegenericform.

5.4 Inheritance and super

Sinceeachclasspackageexportsan extensibledictionary, imple-
menting inheritanceis straightforward. A class F can selectthe
extensibledictionaryof its superclass,andinstantiatethetails to its
own new fieldsandmethods.For example,insidethe

M +�Ø[��� �hØ , we
bind ×��7��&'� asfollows:��� �hØ�Ù�Ú�Û���������� ��� Ü Ú
Û������
 �!#"�� Ü¸ Ô�Õ�×��7��&B��Ù¤+�Ø Ü ô ò ¸ Ü ��� �hØ�ß M +�Ø Î ,.-0/7143�5�?�eSPtg Ð Û
��������� ��� àßl,�Û��A�
� �uY[4e­�f7f ¬ Î Û
�A�
� ��^ Ý »�Õ�^ û Ð

Û������
 �!#"��÷Û��#��� �§5 àÞ »@Ñ ¬ E�8
Ù�×��7�%&B� Ü ¬ EK8 ó¬ f o &�Ù´,�×W&BX Ö Ü Y\Y\Yr×��7�%&B� Ü ¬ f o &Æ×W&BX Ö�Y'Y\Y óg7� ¬ ��Ù�×��7��&'� Ü g7� ¬ � ó­�f7f ¬ Ù´,�×W&BX Ö Ü Y\Y[Y%Ò
Inheritanceis implementedsimplyby selectingmethodsoutof the×��7�%&B� dictionary(asin ¬ EK8 and g7� ¬ � , for example)andplacing
themin the ��� �hØ of thenew subclass.Sourcelanguageinvocations
throughsuper are implementedby selectinga methodfrom the×��7�%&B� dictionary(asin ¬ f o & ). After theone-timetypeapplication
to produce×��7�%&B� , nocoercionsarenecessary.

5.5 Interfaces

Recallourapproachto implementinginterfaces(seeSection4). An
itable is anarrangementof someof themethodsin a vtable,made
to correspondto an interfacewhich the classimplements.Given
an objectof interfacetype, we know nothing aboutthe shapeof
its vtable. Thus,we usethe itable to give a consistentview of the
methodsin theinterface,independentof theunderlyingvtable.

5.5.1 Interface types

Theitableis a recordof functions,just like thevtable.For theZm
interfacein ourexample,d�` P�>%;?<�/ � e Zmg : ,�Û ! �DC � Y%,�Û�a � �ebrY%ÑB­�f7f ¬ Î Û�a � �eb�^ Ý »�Õ�^ û Ò
whereÛ�a � �Ab is thetypeof theunderlyingclassobject(to simplify the
presentation,wehaveomittedthe Û ��!A"�xzy parameterfrom

d�` P�>%;?<�/ ;
seesection5.5.4andfigure 10). As before, Û ! �DC � is the type for
non-×W&BX Ö argumentsof interfaceZm (therearenosuchargumentsin
this particularexample).

An interfaceobject (or view) is a pair containingsomeclass
object( ��fLgWh ) andtheappropriateitable( � ØWE7g ):\ZA�<�-=j!=kO�3 � e Zmg : ,�Û ! ��C � Y%,�Û
a � �Ab>YÑB��fLgWh Î Û
a � �Ab Ð � ØWE7g Î�d�` P�>%;=<�/ � e Zmg Û ! �DC � Û
a � �AbnÒ
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Weresolvethe Û�a � �eb parameterusinganexistentialtype.Weshould
beable³ to selecta methodfrom the itableandpass��f�gWh asits ×W&BX Ö
parameter. We do not know (or it shouldnot matter)what Û�a � �Ab
actuallyis:\�A�<�- � e Zmg : í Û ! �DC � Y � Û
a � �Ab>Y�\�A�<�-Ij!=IO�3 � e Zmg Û ! �DC � Û
a � �Ab
Finally, we resolve Û ! �DC � usingarecursive type. If theinterfaceZm
hadany methodswith argumentsof type Zm, they would needto
look thesame,thoughthey mighthaveadifferenthiddenÛ�a � �eb type.

5.5.2 Invokeinterface

To invoke method I on an interface object <�² , we bind J toº�»�¶§·�¸ ¹�<�² , apply J Ü ô ò ¸ Ü � ØWE7g Ü ­ « to J Ü ô ò ¸ Ü ��fLgWh , andapply the result
to any additionalarguments.Notethat this is essentiallythesame
select-and-applyoperationthatis usedfor ordinarymethodinvoca-
tion (section5.3.3).

Here again,the abstracttype preventsusersfrom doing any-
thing deviouswith either � ØWE7g or ��fLgWh . Thefunction J Ü ô ò ¸ Ü � Ø�E2g Ü ­ «
wantsanargumentof type J ÜúêZë�ì . Theonly possibleexpressionof
thattypeis J Ü ô ò ¸ Ü ��f�gWh .
5.5.3 Interface casts

Wehavenotyetmentionedhow to createaninterfaceobjectfrom a
classobject.As discussedin section4 (andillustratedin Figure9),
thevtablecanactuallycontaintheitablefor all theinterfacesaclass
implements.Then,castingto an interfacetype is just a matterof
selectingtheappropriateitableandpairingit with theobjectitself.
For example,theSPt ��� �hØ would containtheitablefor Zm:��� �hØ�Ù�Ú
Û���������� ��� Ü Ú�Û
������ 2!#"�� Ü¸ Ô�Õ�×��7�%&B��Ù«+�Ø Ü ô ò ¸ Ü ��� �hØ�ß�Y\Y\Y à ßwY\Y[Y àÞ »&¸ Ô�Õ=$'&�(4��� �hØ�ÙÑ ¬ f o &�Ù´,�×W&BX Ö Ü Y'Y\Yr×��7�%&B� Ü ¬ f o &j×W&BX ÖvY\Y'Y ó­�f7f ¬ Ù´,�×W&BX Ö Ü Y\Y[Y%ÒÞ »�Ñ ¬ E�8 Ù�×��7��&B� Ü ¬ E�8 ó¬ f o &#Ù¤$'&�(.��� �%Ø Ü ¬ f o & óg7� ¬ �!Ù�×��7��&B� Ü g7� ¬ � ó� ´ ¬ Ù´Ñ%­�f7f ¬ Ù¤$'&�(4��� �hØ Ü ­�f7f ¬ Ò ó­�f7f ¬ Ù¤$'&�(.��� �%Ø Ü ­�f7f ¬ Ò
Oncethis itableis present,thefollowing codecanbeusedto coerce
anSPtobject ² to a Zm interfaceobject:

¸ Ô�Õ�JÇÙ´º�»w¶§·�¸ ¹.²Þ »&¸ Ô�Õ�J�G�Ù�J Ü ô ò ¸Þ »÷¶§·�¸ ¹®kÅÛ
a � �Ab Î�Î ÓSÙ Y <�3 ZB;=<�/MeSPtg M +�Ø Ü ê�ë3ì J Ü ê�ë3ì J�G Ü ê�ë3ì óÑ���f�gWhvÙ�J G Ü ô ò ¸ ó� Ø�E2g�Ù´º�»�¶§·�¸ ¹#4lJ�G Ü ô ò ¸ú5 Ü o ØWE7g Ü ´ ¬ ÒÎ \ZA�<�-=j!=kO�3 � e Zmg \�A�<�- � e Zmg Û�a � �eb oò Íµ\ZA�<�- � e Zmg
For this example,we have assumedthat this codeis containedin
someclassother thanSPt. If we wereinsideSPt, then

M +�Ø ÜúêZë�ì
above would be replacedwith ,.-0/2143�5�?�eSPtg . Seethe

n P�? ` e F�m�< g
macroin Figure11 for thegenericform.

In section5.3.4,we notedthatupward castsconsistedof type
manipulationsonly. In contrast,caststo andbetweeninterfacesre-
quireasimplecoercionatruntime.This is notsurprising;typescan
have multiple superinterfaces. A singlefixed-offset vtablerecord
cannot,in general,meetthe needsof all possiblesuperinterfaces.
Eithersimplecoercionsor someform of dynamicnamelookupare
required.

5.5.4 Name equiv alence for interfaces

Like classtypes,interfacetypesin Java usenameequivalence.In
theformal treatment,we translateinterfacedeclarationsinto a ¸ Ô�Õ -
boundpackagefor the purposeof distinguishingdifferent struc-
turally equivalentinterfaces.Eachinterfacepackagehasa hidden
stamptype ( J�l ÜúêZë�ì ); the type of an itable for that interfacewill
contain J l ÜúêZë�ì asa component.Thebodyof thepackage( J l Ü ô ò ¸ )
is the identity function,but theargumenttypeacceptsstructurally
equivalentdictionariesandthereturntypecontainsthestamptype.

This techniqueserves not only to distinguishbetweendiffer-
ent, structurallyequivalent interfacetypes,but it also, in a sense,
preventsforgery. We cannotconstructan object that will satisfy
interface< unlesstheinterfacepackageJ�l is itself accessible.

5.6 Formalization

The formal algorithmtranslatinga (well-typed)Javacito program6 to a M INIFL INT term is presentedin Figure 12, using meta-
languagemacrosdefinedin Figure 11. Someof the macrosare
parameterizedcontexts; freevariablesof a termplacedin thehole
may be capturedin the context. The sequentsrepresentingthe
translationarebasedonthosedefiningthestaticsemanticsof Javac-
ito (Figure 5). In the translationof a classdeclarationwe have
omitted the straightforward but tediousdefinition of the macro� R t A�Q ` e F g , constructinga classdictionaryout of a superclassdic-
tionary ×��7�%&B� , specializedto its subclassc, andarecord $'&�(.��� �hØ of
thenewly definedmethodsof c. The functionof

� R t AeQ ` e F g is to
collectselectedcomponentsof ×��7�%&B� (inherited)or $'&�(.��� �%Ø (over-
riddenor new) into interfacedictionariesanda classdictionary.

The translationis total on type-correctJavacito programs,and
it mapsthemto type-correctM INIFL INT terms.

Proposition3 (Type preservation) If ` © ` © ` x p
6�7 ty � _S© t

then ` © ` x 6 � _S© t © î and ` x î87 e e tyg g�
 Ñ�Ò , where Få2O5�S�=S4 _ 5 .
Thesemanticcorrectnessof the translationis shown by establish-
ing amappingfrom Javacito runtimeconfigurationsto M INIFL INT
runtimeconfigurationswhich mapsvalue-configurationsto value-
configurations,and proving that a Javacito reductionstepcorre-
spondswith respectto this mappingto finitely many M INIFL INT
reductionsteps[23]; we omit theproofsdueto spaceconstraints.

6 Extensions

Many featuresof Javacanbeaccommodateddirectly in our frame-
work, but wereleft out in orderto simplify theformalpresentation.

6.1 Unor dered recor ds

Wehaveusedorderedrecordsin our translationof Javacito, but we
canaddunorderedrecords[38] into thetargetlanguageaswell:

types
Ï 7K7 : Y[Y\Y E Ñ Ñ Ï Ò Ò

terms î 7K7 : Y[Y\Y E Ñ Ñ�4 ­ Ù î 5 ; Ò Ò
Here, Ñ Ñ Ï Ò Ò denotestheunorderedrecordtypewhere

Ï
mustbeof

kind ÈÄü , and Ñ Ñ�4 ­ Ù î 5B;\Ò Ò is theunorderedrecordtermwhich (un-
like orderedrecords)requiresruntimedictionaryconstruction.Se-
lectingfrom anunorderedrecordusesthesamesyntaxasselecting
from anorderedrecordbut it requiresruntimedictionarylookup.

SomeJava compilersusethe samerepresentationfor objects
of interfacetypesasfor thoseof classtypes,socastingto interface
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typerequiresnoruntimeoperations.Unorderedrecordscanbeused
to support¶ thisrepresentationby collectingall theitableentriesof a
vtableinto aseparateunorderedrecord,itself anelementof thestill
orderedvtable. Castinganobjectinto interfacetypeonly requires
repackagingit (a runtimeno-op)to hidethoseentriesnot exported
by thecurrentinterface.

6.2 Access contr ol

Javacitoonly allowsprivatefieldsandpublicmethods,butotherac-
cessscopingschemescanalsobesupported.Privatemethodscan
simply be ¸ Ô�Õ -boundwithin theclassdictionarysincethey cannei-
therbecalledfrom subclassesnor overridden.Public fieldscould
be placeddirectly in an object’s

m &BX ��× record,without needingto
besegregated.

Protectedandpackagescopesrequireaddinga notionof Java-
stylepackage into M INIFL INT. Otherwise,they canbesupported
using the techniqueproposedby Moby [16]. The ��� �hØ and $'&�(
fields in our classencodingroughly correspondto the classview
andtheobjectview in Moby. If we export a classoutsideits defi-
nitionalpackage,all protectedmethodsandfieldsshouldbehidden
from theobjectview but not theclassview while thoseof package
scopeshouldbehiddenfrom both.

6.3 Dynamic casts and exception

Dynamiccastsandruntimetypeidentificationcanbeaddressedus-
ing extensiblevariant typessimilar to the ·%¸B¹ datatype in Stan-
dardML. We adda new extensiblevariantdeclarationinsideeach
classF or interface< (for simplicity weborrow thesyntaxof excep-
tion declarationin ML):

Ô%ºB»DÔ ì Õ Þ ·�»¼j�P[C 
 ·w¶.,?>A@B;=<�/�e F g Û �
�*� ;
or Ô%ºB»DÔ ì Õ Þ ·�»¼j�P[C l ·w¶½\ZA�<�-?;=<�/�e < g Û ��!A"�xzy ;

Supposeour extensiblevarianttypeis named¾]E9¿%¿%&�� ; then,inside
eachclassdeclarationof F , we adda methodnamedE2X X o � &�(�× that
takes the self object and returnsa list of ¾]E9¿%¿%&�� values. More
specifically, the E7X X o � &�(�× methodtakes the self object À , and for
eachancestorclass F G (and interface < G ) it upward-castsÀ into an
objectof F G (or < G ), packagesit with the j�P[C 
 � (or j�P[C l � ) flag,and
thenreturnstheentirelist of resulting ¾*E9¿%¿%&�� values.We alsoadd
thespecificationfor the E7X X o � &�(�× methodinto eachinterfacesothat
it canbeinvokedon objectsof interfacetypeaswell.

To testif anobject ² is aninstanceofclassF (or interface< ), we
invoke the E7X X o � &�(�× methodon ² andthencheckthroughtheresult¾*E9¿%¿%&�� list to seeif any of themis taggedwith j�P[C 
 (or j�P[C l ).
Thecheckcastoperationcanbeimplementedin thesamewaysince
theobjectassociatedwith j�P[C 
 (or j�P[C l ) is alreadyof type F (or< ). Noticeunlike Glew’s recentwork [19], our techniquedoesnot
usehierachicalextensiblesumsor variance-basedsubtypingso it
requiresa muchsimplertarget language.With carefulcoding,theE7X X o � &�(�× methodcanbe implementedasefficiently astheuntyped
codeusedin typical Java compilers.

6.4 Miscellaneous

Null referencesareencodedby lifting all externalobject typesto
variant typeswith a $7�7X X alternative, similar to the Á'Â7Ã�ÄBÁ'¹ data
type in StandardML. Then,all objectoperationsmustfirst verify
that the objectpointer is not null . Sincethis could fail, we also
needsupportfor unchecked exceptions,which canbeachievedby
addinganexceptionmechanismin thestyleof StandardML.

Mutually recursive class and interface declarationsneed a
fixed-point constructionover the correspondingcomponentsin

M INIFL INT; thefixedpoint alreadyusedin thedefinitionof a sin-
gleclasscannotbegeneralizedfor thispurposesincethiswill result
in “friend” statusof theotherclasses.

Other aspectsof Java such as concurrency, final, reflection,
classloaders,anddynamicloadingaremorechallenging;we have
preliminaryideasaboutimplementingthem,but developingthede-
tails remainsasfuturework. Of courseour )#* -basedframework is
particularlywell-suitedfor implementingJava extensionsbasedon
higher-orderfunctionsandtypessuchasthosein Pizza[27].

7 Related Work

Objectandclassencodingshave beenextensively studied.Theuse
of row polymorphismpositionsour schememostcloselyto thatof
Rémy andVouillon [32], however the specialobjecttypesof Ob-
jective ML reducetheuseof row polymorphismto only thecases
of binarymethods[4], while theself-applicationsemanticsof our
schemeusesrows to representthe opentype of ×W&BX Ö even though
Java lacks binary methods. The unorderedrecordsof Objective
ML aregearedtowardssupportfor multiple inheritance;in contrast
our schememakessingleinheritanceefficient, while anextension
with multiple inheritanceis still possible(but lessefficient) using
interfaceviews asthebasicrepresentation.

In the context of objectencodingsin ) * -basedlanguages[5,
29], the genealogyof our encodingcanbe tracedback to encod-
ingsbasedonF-boundedpolymorphism[7, 13], from which theF-
boundshave beeneliminatedusingintersectiontypes,which have
furtherbeenreplacedby row polymorphism(in thecaseof objects)
or realizedastuples(in the caseof interfaceviews). At the most
basiclevel, methodinvocationusesself-application(thewholeob-
ject is a parameterof eachmethod),showing similarity with the
encodingdue to Abadi, Cardelli, andViswanathan[1]; however,
hiding theactualclassof thereceiver is achievedusingexistential
quantificationover row variablesinsteadof splitting theobjectinto
a known interfaceanda hiddenimplementation.This allows reuse
of methodsin subclasseswithoutany overhead(modulotypeappli-
cations,which areno-opsin theintendedtype-erasuresemantics).
Furtherwe useananalogof therecursive-existentialencodingdue
to Bruce[6] to give typesto otherargumentsor resultsbelonging
to the sameclassor a subclass,asneededin Java, without over-
restrictingthe type to be the sameas the receiver’s. The private
instancevariablesof theseobjectsarethusaccessibleby methods
of theclass;they areprotectedby thefinal level of encapsulation.

FisherandMitchell [14, 15] show how to useextensibleob-
jects to modelJava-like classconstructs.Our encodingdoesnot
rely on extensibleobjectsasprimitives,but it may be viewed as
an implementationof someof their propertiesin termsof simpler
constructs.In particular, extensibility of objectsis only usedwhen
they have the role of prototypes,andthe ability to extendan ob-
ject in generaltakesus further from the intendedJava semantics.
In our translationtheserolesareclearly separated.Our encoding
of classesguaranteesrestrictedvisibility and (as a consequence)
correctinitializationof privateinstancevariables,andthey provide
directly reusablecollectionsof methodsaswell asmeansto create
new objects. Onecriterion our encodingfails is to automatically
propagatechangesin a baseclassto its descendants,but it is un-
clearif this criterioncancoexist with Java’s binarycompatibility.

8 Conc lusions

We have presenteda formal translationof Java classes,interfaces,
and privacy into a call-by-value variant of )#* using simple and
well-known extensions.Even thoughthe resultingcodecontains
full typeinformation,theruntimeobjectlayoutcorrespondstowhat
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onemightexpectin anuntypedimplementation.Theoperationsof
objectÅ creation,methodinvocation,andfield selectionare imple-
mentedefficiently in termsof primitive ) * constructs.Thus,they
arecandidatesfor standardoptimizationsandwe canreasonabout
their interactionwith foreigncode.

An implementationof this encodingis in progress. As of
April 1999, we finished a prototypeimplementationwhich can
translateall thefeaturesof Javacito into asimple,interpretedtarget
calculus. We areworking on connectingthis simpletarget calcu-
lus implementationto the full-fledged FLINT compiler [34, 35],
in orderto leverageits type-directedoptimizations,compilerback
ends,and runtime support. The actualFLINT intermediatelan-
guageis surprisinglyclose to the target calculuspresentedhere
(M INIFL INT); all we needis just to addtherow polymorphism.
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